Seton Hall University

eRepository @ Seton Hall
Seton Hall University Dissertations and Theses
(ETDs)

Seton Hall University Dissertations and Theses

Spring 5-13-2017

Characterization of Zinc and Cadmium Stress
Response in Cyanobacterium Synechococcus sp.
IU 625
Robert Newby Jr
Seton Hall University, newbyr60@gmail.com

Follow this and additional works at: http://scholarship.shu.edu/dissertations
Part of the Environmental Microbiology and Microbial Ecology Commons
Recommended Citation
Newby, Robert Jr, "Characterization of Zinc and Cadmium Stress Response in Cyanobacterium Synechococcus sp. IU 625" (2017).
Seton Hall University Dissertations and Theses (ETDs). 2257.
http://scholarship.shu.edu/dissertations/2257

CHARACTERIZATION OF ZINC AND CADMIUM STRESS RESPONSE IN
CYANOBACTERIUM SYNECHOCOCCUS SP. IU 625
BY
ROBERT NEWBY JR.

Submitted in partial fulfillment of the requirements for the
degree of Doctor of Philosophy in Molecular Biosciences from the
Department of Biological Sciences

May 2017

Copyright © 2017 by Robert Newby Jr.
All rights reserved

ii

iii

ACKNOWLEDGEMENTS
I would like to dedicate this dissertation in loving memory of my grandmother, Margaret
Walters, whose unwavering love and support of me made me into the person I am today.
I wish to express my utmost gratitude to my M.S. and Ph.D. advisor, Dr. Tinchun Chu. Dr. Chu
is an extremely rare person who exemplifies the best of human nature. She is kind, caring,
compassionate, and above all else, never waived in her support of my goal to complete my project.
Dr. Chu’s passion for science and her commitment to excellent quality research has truly allowed
me to grow as a scientist. I could not have asked for anyone better to guide me in this process.
Dr. Carolyn Bentivegna, Dr. Angela Klaus, and Dr. Brian Nichols for their time on serving on
my committee. Thank you for providing critical feedback, thought-provoking talks, and
encouraging my growth as a scientist.
Dr. Lee, for all her guidance and support on this dissertation. Dr. Lee has contributed so much to
what we know about how cyanobacteria respond to metals – and I am so grateful I was able to be
a “descendent” of her work. Thank you for always encouraging me in this endeavor.
I need to thank Dr, Aline de Oliverira and Dr. Zain Alvi – my fellow lab peers who have always
supported me even when I felt like the end was nowhere in sight. Both Aline and Zain have been
inspirations for their dedication to their projects. I thank them for their friendship and support.
I thank all the current and former members of the Chu lab, Brian, Nicole, Margaret, Derek, Andy,
Ruchit, Xin, Jose, Gab and all the undergraduates. I especially thank my first Chu lab friend Matt Rienzo - whose friendship I cherish deeply. Thank you for all the fond memories (the good
and the dangerous).
I thank the all the faculty and staff in the Biology Department, especially Ms. Angie Cook. Thank
you for all the support and knowledge you have provided me over my time at Seton Hall.
I would like to thank my SHU friends who helped make the days go by faster, and the nights go
by slower. Thank you for your friendship.
I thank my girlfriend Victoria Floriani, for all her support, love, friendship, and willingness to
endure my long days at SHU.
I would like to thank my mother, Barbara Newby and my grandmother, Doris Newby, for their
love, support, and their pride in my work and accomplishments.
I would not be where I am today if it wasn’t for these people and their love and support in me.

iv

TABLE OF CONTENTS

Acknowledgements

iv

List of Figures

vi

List of Tables

viii

List of Supplemental Materials

ix

Abstract

x

Introduction

1

Materials and Methods

12

Results

22

Discussion

77

Literature Cited

82

Supplementary Materials

91

v

LIST OF FIGURES
Figure 1

General mechanisms of metal response in bacteria

5

Figure 2

Image of model cyanobacterium S. IU 625

9

Figure 3

Growth of S. IU 625 under zinc stress

23

Figure 4

Average observed cell length in ZnCl2

25

Figure 5

ICP-MS analysis for zinc allocation

27

Figure 6

DAPI viability imaging

29

Figure 7

SYTOX® viability imaging

30

Figure 8

Observed percent viability

31

Figure 9

SEM of 0 mg/L ZnCl2 cells on days 4, 7, and 11

34

Figure 10

SEM of 10 mg/L ZnCl2 cells on days 4, 7, and 11

35

Figure 11

SEM of 25 mg/L ZnCl2 cells on days 4, 7, and 11

36

Figure 12

SEM of 50 mg/L ZnCl2 cells on days 4, 7, and 11

37

Figure 13

STITCHdb gene prediction for zinc

40

Figure 14

Gel electrophoresis for PCR on pacS, catT, and znuA

44

Figure 15

Gel electrophoresis for PCR on znuA, znuB, and znuC

45

Figure 16

Gel electrophoresis for PCR on cDNA for pacS and catT

46

Figure 17

Validation of qPCR primers on for rpsL, pacS, and catT

49

Figure 18

qPCR analysis for catT, pacS, and smtA in zinc stressed S. IU 625

50

Figure 19

Flow cytometry analysis of ZnCl2 stressed S. IU 625 days 1, 4, 7, 14

52

Figure 20

Flow cytometry for zinquin determination of zinc binding

54

Figure 21

89 differentially expressed matched hypothetical genes and function

57

Figure 22

60 differentially expressed genes with function in metabolism

58

vi

Figure 23

61 differentially expressed genes with function in membrane

59

Figure 24

68 differentially expressed genes with other functions

60

Figure 25

Proposed mechanisms in ZnCl2 exposed S. IU 625

63

Figure 26

Outline of mechanisms from early to late response in S. IU 625

64

Figure 27

Growth of S. IU 625 under cadmium stress

66

Figure 28

Average observed cell length in CdCl2

68

Figure 29

SYTOX® viability imaging for CdCl2

70

Figure 30

Observed percent viability for CdCl2

71

Figure 31

Flow cytometry analysis for CdCl2 stressed S. IU 625 days 1, 4, 7, 14

73

Figure 32

STITCHdb gene prediction for cadmium

75

vii

LIST OF TABLES
Table 1

Nucleic acid extractions in this study

39

Table 2

Primers used for PCR and sequencing of pacS, catT, and znuACB

43

Table 3

qPCR primers used in this study for rpsL, smtA, pacS, and catT

47

viii

LIST OF SUPPLEMENTARY MATERIALS
Table S1

Complete list of all 278 differentially expressed genes for zinc study

91

Figure S1

MSA on Hypothetical Protein SynPCC7942_0443

99

Figure S2

MSA on Hypothetical Protein SynPCC7942_0230

100

Figure S3

MSA on Hypothetical Protein SynPCC7942_1800

101

Figure S4

MSA on Hypothetical Protein SynPCC7942_0444

102

Figure S5

MSA on Hypothetical Protein SynPCC7942_1476

103

ix

Abstract
The way that cyanobacteria process and interact with heavy metals is an important part of
their physiology. Metals like zinc play a role in many essential cell processes; while metals such
as cadmium appear to be universally toxic. Little is known about how these metals play a role in
the harmful overgrowth of cyanobacteria called blooms. While individual mechanisms have
been elucidated, a complete response for metals in cyanobacteria has not yet been proposed. To
establish a proposed mechanism of response in cyanobacteria, work was undertaken studying the
response to zinc and cadmium in Synechococcus sp. IU 625 (S. IU 625).

We investigated the

effect that 0, 10, 25 and 50 mg/L ZnCl2 had on the growth of S. IU 625 to mimic zinc stressed
conditions. From these concentrations, it was observed that 10 mg/L ZnCl2 had no detectable
differences in growth rate; 25 mg/L ZnCl2 resulted in a cell number reduction of ~50%, but not a
reduction in optical density. The 50 mg/L ZnCl2 was completely lethal. Following growth
monitoring, imaging analysis including viability staining and scanning electron microscopy, was
performed. Metal allocation analysis was performed by using inductively coupled plasma –
mass spectrometry to determine zinc concentration intra and extracellularly. Bioinformatics
performed on known metal genes in other species of prokaryotes resulted in several potential
candidates for response. Quantitative real-time polymerase chain reaction results indicate of the
3 candidate genes for zinc response, metallothionein smtA was expressed early and transcript
levels remained high. The hyper active efflux pump pacS, and the cation transport anti-porter
catT were not significantly expressed until after 21 days of metal exposure in the 10 and 25 mg/L
ZnCl2 culture. Following this analysis, a more thorough study of the transcriptome was
conducted for control, 10 and 25 mg/L ZnCl2 cultures on days 4 and 7. This analysis revealed
that zinc exposure causes differential expression in 10% of the genome. The novel use of flow

x

cytometry to track pigment and size changes in the cell populations in the control, 10, 25, and 50
mg/L ZnCl2 cultures was employed to characterize these changes. These findings allows the
proposal of a mechanism for response for zinc stress response.
S. IU 625 is much more cadmium sensitive, with the range of survival only up to 20
mg/L CdCl2. Like observed with the ZnCl2 culture, 10 mg/L CdCl2 exposed cells do not exhibit
a difference when compared to the control. 30 mg/L CdCl2 proved completely lethal following 4
days of exposure. Unlike observed in the ZnCl2 cultured cells, morphological differences were
not observed in the CdCl2 cell populations. Pigment fluorescent changes were detected in these
cells, like the ZnCl2 cultured cells, indicating that both metals adversely affect photosynthesis in
S. IU 625.
These results give a comprehensive overview of the effects of zinc and cadmium early in
the cell cycle to death phase. The results indicate that S. IU 625 may be of interest for future
bioremediation strategies or for providing markers for metal stress studies in other organisms.

xi

Introduction
The contamination of freshwater by heavy metals is becoming a pressing global issue.
According to the survey of data from both National Oceanic and Atmospheric Administration
(NOAA) and United States Geological Survey (USGS), freshwater makes up only 1.75% of the
total amount of water on Earth (Gleick, 1996). According to the United States Environmental
Protection Agency (EPA) Water Quality Standards Handbook (WQS), freshwater is classified as
any source of water containing less than 1 g/L dissolved solids and a salinity near or close to 0
g/L (EPA, 1994). Common sources of freshwater include rivers, lakes, ponds, groundwater, and
water found in the icecaps and glaciers (Gleick, 1996). Freshwater is replenished largely by
evaporation of saltwater from the ocean and seas by a process known as the hydrologic cycle
(Famiglietti and Rodell, 2013). During this cycling event, atmospheric deposition of heavy
metals due to human or natural activity can occur, which results in the transportation of metals
both regionally and globally (Hong et al., 1996; Wong et al., 2003; Sharma et al., 2008).
Due to the potential toxicity of heavy metals, the EPA has established a list of targeted
heavy metals and their limits for concentrations in freshwater. Of the heavy metals, mercury is
the most widely studied (Boening, 2000). Mercury has no defined biological role and both bioaccumulates and bio-magnifies up the food chain (Clayden et al., 2015). The fate of mercury is
well defined, with elemental mercury from atmospheric deposition being enzymatically modified
to methylmercury (Parks et al., 2013). This enzymatic modification from inorganic mercury to
organic mercury occurs primarily in microbes such a heterotrophic bacteria and cyanobacteria
(Lefebvre et al., 2007). Organic mercury, such as methylmercury, then begins to accumulate and
magnify up the food chain (Chasar et al., 2009). Other heavy metals are hypothesized to go
through similar cycles (Forstner and Prosi, 2013). The EPA has established a targeted analytes
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list which include other metals such as zinc, cadmium, lead, iron, magnesium, and nickel.
Although targeted for monitoring, many of these heavy metals are important and necessary for
biological function. Metals such as zinc, nickel, iron and magnesium, play significant biological
functions. These function range from DNA synthesis (Wu and Wu, 1987), immunological
response (Ward et al., 2011), metabolic processes (Hänsch and Mendel, 2009), and enzyme
cofactors (Faulhammer and Famulok, 1996). Some targeted metals such as mercury, lead, and
cadmium, have no known biological function and appear to be universally toxic (Scheuhammer,
1987; Gochfeld, 2003; Qureshi and Sharma, 2012). Due to chemical similarities, substitutions of
one metal for another can occur (Tanaka et al., 1977), often leading to the loss of enzymatic
function (Goyer, 1997). This is commonly noted for enzymes which contain zinc ion (Zn2+) by
cadmium (Cd2+) (Sunderman Jr, 1990).
Many of these metals are fundamental to domestic, industrial, and agricultural
applications. From batteries (zinc, nickel, cadmium, lead), paper (magnesium, lead, zinc,
mercury), pesticides (copper, lead, mercury, cadmium), and fertilizer (zinc, nickel, magnesium,
copper, iron); heavy metals are intertwined into our daily lives. Release from these sources by
both normal use and improper disposal impacts nearly all ecosystems (Cheng, 2003; Nicholson
et al., 2003). The entire balance of an ecosystem can be disorganized by the presence of heavy
metals, due in part to their reactivity and ability to interfere with biological functions (Assche
and Clijsters, 1990; Giller et al., 1998). Metabolic burdens placed on organisms in these
environments forces them to adapt in order to survive (Rouch et al., 1995; Ernst, 1996). In
aquatic environments adaptations are initially more noticeable in microorganisms such as
diatoms, algae, bacteria, and cyanobacteria. The effect of heavy metals on the growth of
cyanobacteria is of interest.
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Cyanobacteria are photosynthetic prokaryotes and among the oldest organisms on the
planet (Rasmussen et al., 2008). Cyanobacteria played a major role in the oxygenation of Earth
(Dismukes et al., 2001), and still play a major role in the biogeochemical cycle (Oliver and Ganf,
2000). Cyanobacteria serve as primary producers in many aquatic environments (Gao et al.,
2012) and serve as indicator organisms for water quality and environmental health (Douterelo et
al., 2004). The sudden and rapid overgrowth of cyanobacteria in response to influx of nutrients
is known as an algal bloom and often cause ecological disruption for the system they occur in.
Blooms can cause hypoxia condition in waters; as well as acidification, nutrient depletion, and
both plant and fish death. Many species of cyanobacteria also possess the ability to produce
toxins known as cyanotoxins, many of which remain even after the bloom resolves (Carmichael,
2001; Paerl et al., 2001; Codd et al., 2005).
Blooms are normally caused by a combination of increased water temperature and a
process known as eutrophication. Eutrophication occurs primarily from the enrichment of
phosphorus, nitrogen, and sulfur which are introduced by fertilizer runoff and sewage(Kim et al.,
2001; Misra et al., 2016). Both sources rarely contain just these chemicals, and often contain
high levels of heavy metals from domestic sources (Tedoldi et al., 2016). The presence of heavy
metals, combined with warmer water and increased nutrient supply, appear to enhance the effect
of eutrophication. This enhancement may be due in large to the effect the heavy metals play on
the predator-prey cycle of an ecosystem.

Natural order of a species is usually kept in balance

by the presence of a predator or consumer (Hoppensteadt, 2006). Cyanobacteria are naturally the
primary food source for mixotrophic predators such as amoeba, and daphnia (Gustafsson and
Hansson, 2004; Xinyao et al., 2006). Species of cyanobacteria are also targeted by cyanobacteria
specific viruses known as cyanophage. Both cyanophage and eukaryotic predators have been
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credited with clearing algal blooms in several waterways (Gumbo et al., 2008; Yoshida et al.,
2008). Experimental evidence has shown that heavy metals such as copper interrupt the natural
cycle of the cyanophage (Lee et al., 2006) and that many of the predator species are much more
sensitive to heavy metal exposure than cyanobacteria (Madoni and Romeo, 2006). Taken
together, increasing levels of heavy metals can be contributing to the appearance of algal blooms.
Algal blooms which are caused by toxin-producing cyanobacteria are often referred to as
harmful algal blooms (HABs). Cyanotoxins have been implicated in spikes of hepatic cancer
(Yu et al., 2001), and evidence suggests that some toxins may play a role in Alzheimer’s and
ALS (Pablo et al., 2009). Removal of cyanotoxins requires several costly measures such as
chemical treatment, UV exposure, and filtration (Tsuji et al., 1997; Mazur-Marzec et al., 2006;
Merel et al., 2010).
In general, both bacteria and cyanobacteria utilize five different mechanisms to respond
to heavy metal stress. Summarized in Figure 1, the five mechanisms are intra/extra cellular
sequestering, membrane mediated modifications, efflux pumps, biotransformation, and
modification of target proteins. Sequestering is the process in which a protein is used to bind to
the targeted heavy metal by the production of metal binding proteins which are kept
intracellularly or exported extracellularly. In some strains of cyanobacteria, a small cysteine rich
protein known as metallothionein can be expressed and can bind up to 4 Zn2+ ions in the
cytoplasm (Silver, 1996). In many species of bacteria, extracellular sequestering of heavy metals
is believed to be mediated by glutathione (Murata et al., 1985). Recently, glutathione was found
to be responsible for the protection against heavy metals in some filamentous species of
cyanobacteria (Cassier-Chauvat and Chauvat, 2014).
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Figure 1. Known heavy metal response mechanisms in both bacteria and cyanobacteria. While
no specific mechanism is stated, many microbes use multiple mechanisms to respond to the same
metal. While some metals only activate one type of response, such as the case of mercury, where
biotransformation is the mechanism of response for majority of the microbes, including
cyanobacteria.

Image citation notice: all images included in this dissertation are generated by the author unless
otherwise cited.
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Membrane mediated changes are suggested to be the primary response to heavy metals
by changing the way in which metal both enters and leaves the cell. The modification of outer
membrane proteins such as porins have been shown to increase the resistance to heavy metals (Ji
and Silver, 1995; Li et al., 1997). Modifications to extracellular layers such as the S-layer and
exopolysaccharide (EPS) have demonstrated increase resistance to heavy metals in several
species, when compared to strains lacking these components (Scott and Palmer, 1990).
Filamentous cyanobacteria such as Anabaena were shown to mediate metal resistance by EPS
modification (Freire-Nordi et al., 2005). Data from these results indicates that the S-layer and
EPS can bind to metal and trap them, thus keeping it away from intracellular components (Bruins
et al., 2000).
Efflux pump mediated responses are usually composed of several multimers of proteins
which exist as both an active and passive type. The active type hydrolyzes ATP, thus creating an
energy gradient to pump metal from inside the cell to outside (Nies and Silver, 1995). The
passive type pump transports a metal cation by exchanging an ion lower outside than in. In the
example of the cobalt, zinc, and cadmium (czc) multimer which exists in E. coli and other
bacteria. czc codes for an antiporter which works by transporting one zinc ion out in exchange
for a proton in (Nies, 1992). Active pumps usually have an ATPase subunit, such as in the cad
resistance family proteins, which use the chemical energy from cleaving ATP to pump out select
metals like cadmium (Rensing et al., 1999).
Biotransformation is typically explained by the example of the mer operon. merA and
merB encode two enzymes in bacteria and cyanobacteria which reduce mercury (II) to the more
volatile mercury (0). Multiple copies have been noted of these and other genes in the mer operon
(Silver and Misra, 1988; Osborn et al., 1997), which highlight how important these genes are for
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mercury response. Other transformation systems exist, such as the ars operon, which reduces
arsenic (V) to arsenic (III) (Carlin et al., 1995).
Modification to target proteins for metal selectivity are much rarer. This is because
normally, modifications like this are obtained by selective pressure causing a mutation which
decreases the metals affinity for the target while preserving function (Bruins et al., 2000). One
possible explanation behind this phenomenon is that some metals cause oxidative stress. This
stress causes the cell to express enzymes to repair the oxidized DNA. These repair mechanisms
are not fool proof and are subject to error, which increases the likelihood of a spontaneous
mutation (Rouch et al., 1995). Mutations which arise from this process can affect anything from
membrane structure, metabolism, DNA replication, and biotransformation mechanism. So long
as the mutation does not result in a lethal replacement, it will be maintained and passed on to
subsequent generations.
In developing nations where regulation and dumping practices are lax or nonexistent, this
is a pressing issue (Sidenko et al., 2001; Huang et al., 2007; Gowd et al., 2010). Often times, the
long term economic value of practicing safe disposal or treatment is too cost prohibitive (Sushil
and Batra, 2006). This has led to an increased accumulation of metals in the environment where
the cells are and has given researchers the ability to culture and observe metal resistant
cyanobacteria (Verma and Singh, 1995). Heavy metal specific genes such as metallothionein
and homologues to the czc operon have been identified and function has been experimentally
shown in several unicellular, filamentous, and colonial species of cyanobacteria (Olafson et al.,
1988; Chu et al., 2007; Hudek et al., 2009). To better characterize the response of cyanobacteria
blooms to heavy metals, work was undertaken with the model cyanobacterium Synechococcus
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sp. IU 625 (S. IU 625) for the determination of the physiological response to zinc and the
characterization of the cadmium response.
Figure 2 shows that S. IU 625 is a unicellular, non-motile, bacillus shaped
cyanobacterium approximately 4 microns long. Characteristically speaking, the cell wall is
similar to gram negative bacteria (Golecki, 1977). S. IU 625 has been previously implicated in
causing algal blooms (Beardall, 2008). A functional copy of metallthionein (smtA) was isolated,
cloned, and sequenced from this species (Chu et al., 2007). Work has been done previously by
our lab and collaborating labs establishing that S. IU 625 is a good indicator of environmental
health especially in regards to heavy metal contamination (Chu et al., 2012). S. IU 625 response
to mercury and combinations of EPA targeted heavy metals has been previously described (Lee
et al., 1991; Lee et al., 1992; Lee et al., 1994; Chu et al., 2012; Nohomovich et al., 2013).
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Figure 2. Microscopic image of Synechococcus sp. IU 625 showing the morphology is
unicellular and bacillus shaped. Image shown in 1000X.
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Zinc serves an important biological function and is a necessary trace elements for life.
Cadmium on the other hand serves no apparent biological function and is considered universally
toxic. In humans, zinc’s biological function is becoming clearer. It is known to play a role in
gene expression (Valentine et al., 2007), mitosis (Shankar and Prasad, 1998), and as a cofactor
for several enzymes (Coleman, 1992; Maines et al., 1996). Zinc has been demonstrated to play
an important role in host immune response(Ibs and Rink, 2003). Deficiency in zinc has been
previously documented and is characterized by its effects on the functions of the epidermal,
gastrointestinal, central nervous, reproductive, and immune systems (Hambidge, 2000). Reports
of zinc toxicity range from neurodegenerative disorders (Cuajungco and Lees, 1997),
gastrointestinal distress (Gordon et al., 1981) and hepatotoxicity (Nriagu, 2007). In humans, it is
predicted about ~10% of genes contain a putative zinc binding domain (Andreini et al., 2006),
which yields to its importance in the body. In bacteria, zinc plays a similar role as in humans.
Enzymes which regulate cell division, protein synthesis, DNA replication normally require zinc
as a cofactor for activity. Regulation of zinc homeostasis is equally as important as its biological
activity. Zinc toxicity in bacteria will normally manifest itself as damage to the aerobic
respiration (Itoh and Kasahara, 1974), and as damage to cell survival proteins (Beard et al.,
1997). In cyanobacteria, the need for zinc is like the human and bacteria requirements. One
purported method of toxicity in cyanobacteria is the inhibition of photosynthesis (Lee et al.,
1994) as well as other required cellular component targets.
Cadmium appears to play no role in human biology (Godt et al., 2006). The same appears
to be true in bacteria (Ragan and Mast, 1990), and cyanobacteria (Vymazal, 1987). Cadmium
toxicity in humans manifests itself as hepatic and pulmonary injury; repeated exposure has been
implicated in bone injury, cancer, and systemic damage (Goering et al., 1995). In bacteria
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cadmium primarily targets proteins with high contents of sulfhydryl groups, which can interfere
with function (Lebrun et al., 1994). It has been demonstrated to cause single-strand breaks in
DNA by an unknown mechanism in E. coli (Trevors et al., 1986). Cadmium is often associated
with the presence of zinc (Gunson et al., 1982), and is able to be co-transported into the cell with
manganese (Archibald and Duong, 1984). Cadmium utilizes the need for the cell to transport
essential metals to gain entry (Bruins et al., 2000), as no specific transporter appears to exist for
cadmium. In cyanobacteria cadmium toxicity appears to be like bacteria toxicity.
To map out the zinc response in S. IU 625, we used a combination of growth monitoring,
imaging, metal allocation, bioinformatics, PCR, qPCR, transcriptome, and flow cytometry
analysis to characterize the effect of zinc on the short and long term growth of S. IU 625. To
initially determine what the cadmium response was in S. IU 625 we used a combination of
growth monitoring, imaging, and flow cytometry to characterize the response to cadmium.
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Materials and Methods
Cell growth and maintenance
Synechococcus sp. IU 625 (ATCC #27344) was purchased as an unialgal culture from the
American Type Culture Collection. S. IU 625 was cultured in Mauro’s Modified Medium (3M)
and placed in sterile polycarbonate 250 mL flasks baffled with a 0.2 µm filter. Flasks were
grown at 25°C under constant fluorescent lighting at 550 µmoles photons m-2 s-1 and continuous
agitation at 100 rpm in a Gyromax 747R incubator (Amerex Instruments, California). Growth
monitoring of the cells was recorded by increases in turbidity, as measured with a
spectrophotometer, and direct counts using a hemocytometer. Turbidity was measured at
OD750nm and cells were split and placed in fresh media approximately once every 20 days.

Zinc exposure, monitoring, and collection
Fresh axenic cultures of S. IU 625 were prepared and diluted down to OD750nm = 0.1 in
3M. For each condition tested, cells were split into 4 separate flasks with the metal added from a
10 g/L stock. Zinc was added to the cells as ZnCl2 (Sigma, Missouri), which was prepared by
dissolving ZnCl2 into diH2O and filter sterilizing through a 0.2 µm filter. The 10 g/L ZnCl2 stock
was added to the flasks to give a final concentration of 10, 25, and 50 mg/L. The flasks were
mixed by gently swirling around for 15 secs. The cells were grown with the metals over a period
of 29 days and each experimental set was repeated in triplicate.
For analysis of the physiological response, 5 mL of cells were removed from each
collection time point. Cells were monitored twice of week over the 29 days and measured by the
recording of the turbidity and direct cell count. Cells were fixed with a final concentration of
1X 0.5% formaldehyde/phosphate buffer for microscopic observation with an AxioScope Lab
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A1 phase contrast microscope (Zeiss, Germany). An aliquot of cells were centrifuged and the
cells pelleted and separated supernatant for metal analysis with Inductively Coupled Plasma –
Mass Spectrometry (ICP-MS). Additionally, an aliquot of cells were centrifuged, and
resuspended in 1 mL of 10% sterile glycerol for molecular analysis. The remaining cell volume
from collection was used for flow cytometry analysis. Cells were used immediately or stored at
-80°C or 4°C until processed.

Cadmium exposure, monitoring, and collection
Fresh axenic cultures of S. IU 625 were prepared and diluted down to OD750nm = 0.1 in
3M. For each condition tested, cells were split into 4 separate flasks with the metal added from a
10 g/L stock. Cadmium was added to the cells as CdCl2 (Sigma, Missouri), which was prepared
by dissolving CdCl2 into diH2O and filter sterilizing through a 0.2 µm filter. The 10 g/L CdCl2
stock was added to the flasks to give a final concentration of 10, 20, and 30 mg/L. The flasks
were mixed by gently swirling around for 15 secs. The cells were grown with the metal over a
period of 29 days and each experimental set was repeated in triplicate. The same analysis for
physiological response was performed for cadmium as was previously described with zinc.

Microscopic Imaging Analysis
Cell length
10 µL of fixed cells were placed on a 1% agarose pad on a cleaned glass slide and viewed
on a Zeiss AxioLab AI phase contrast microscope coupled with an AxioCam MrC camera (Zeiss,
Germany). Cell length was determined by measurement of cells using calibrated Axiovision
software with n = 100 cells per condition counted from various areas of the slide. Statistical
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significance was determined by One Way ANOVA using GraphPad Prism 5 (GraphPad
Software, California) and results were considered significant for p < 0.05.

Viability using 4,6-diamidion-2-phenylindole (DAPI)
Fixed cells collected from the above-mentioned collection points were incubated with
4,6-diamidion-2-phenylindole (DAPI) to a final concentration of 2 µg/mL for 15 mins in the
dark. 10 µL of cells were placed on a 1% agarose pad to reduce background fluorescence. DAPI
is a nucleic acid stain which has been used in prokaryotes to highlight divisionary deficiency as
well as loss of viability. Images were taken with an Olympus Fluoview FV1000 Confocal
Microscope and processed using Olympus FV1000 software. DAPI was excited using a mercury
arc lamp with 405ex and fluorescence observed at 450-490em.

Viability using SYTOX® Green
From the collection time points, unfixed cells were subjected to staining with 5 µM
SYTOX® Green viability dye (Life Technologies, California). The cells were incubated in the
dark for 15 mins and placed on a 1% agarose pad on a cleaned microscope slide. The cells were
imaged using an Olympus Fluoview FV1000 confocal microscope (Olympus Scientific,
Massachusetts) with Fluoview FV1000 software. SYTOX® fluorescent was captured by an
argon laser emitting 488ex and captured using 519nm. The autofluorescent pigments of the
phycobilisome were captured by using a HeNe laser emitting 543nm and excitation detection
from 590nm to 650nm. These images were captured from independent channels in sequence and
later combined to generate an overlay image in the FV1000 software.
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Scanning Electron Microscopy (SEM)
Potential membrane, structural, or cell surface changes were visualized using scanning
electron microscopy (SEM). Cells were collected during the collection points and fixed in 2.5%
glutaraldhyde in 0.1M sodium cacodylate buffer at pH 7.4 overnight. After fixation, cells were
placed on a sterile 0.1 µm nucelopore membrane disk and fixed to the membrane under a slight
vacuum. Disks were rinsed 3 times with sterile diH2O to remove left over fixation buffer and
placed in a 6 well plate. The disks were stained in 1% OsO4 for 1 hour and the OsO4 was
removed and the disks were washed 3 times with 1X cold PBS. Following this, increasing
gradients of ethanol were used to gradually dehydrate the cells on the disks (30%, 50%, 70%,
80%, 100%, and 100% again). Following dehydration the disks were critical point dried using
LCO2 in a Denton DCP-1 (Denton, New Jersey), and sputter coated in gold using a Denton Desk
IV (Denton, New Jersey). The disks were imaged with a Hitachi S-3400N Scanning Electron
Microscope (Hitachi-Hightech, Maryland).

Metal determination by Inductive Coupled Plasma – Mass Spectrophotometry
Cells were centrifuged for 10 mins at 16,000 x g in microfuge tubes to separate the pellet
from the supernatant. The supernatant was transferred to a new microfuge tube and the cell
pellet was washed with diH2O and resuspended in 1 mL of sterile diH2O.

The concentration of

zinc was determined using an established ICP-MS protocol following the technique derived from
the US Environmental Protection Agency Method 200.8, “Determination of Trace Elements in
Waters and Wastes by Inductively Coupled Plasma – Mass Spectrometry” (Long and Martin,
1989). The cell pellet was digested with potassium permanganate and persulfate in acidic
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conditions at 95°C. Following digestion the samples, supernatant, and uninnoculated controls
were processed and analyzed at Accredited Analytical Resources, LLC (Carteret, New Jersey).

Nucleic acid isolation
Genomic DNA (gDNA) isolation
Genomic DNA was isolated from 5 mL of S. IU 625 culture grown to OD750 = 1.0. Cells
were centrifuged at 4,180 x g for 10 mins and the supernatant discarded. 1 mL of 1X TE (10
Tris:1EDTA) was used to gently resuspend the cell pellet and transfer it to a 2.0 mL microfuge
tube. Lysozyme was added to a 2 mg/mL final concentration, and incubated at 37°C overnight.
The lysed cells were separated from nucleic acid and protein using chloroform:isoamyl alcohol
(24:1) by adding an equal volume of chloroform:isoamyl alcohol to the tube. After vortexing,
the tubes were centrifuged at max speed for 10 mins and the aqueous phase transferred to a new
microfuge tube. DNA was precipitated by 2.5 volumes of ice cold absolute ethanol overnight at
-20°C. The tubes were centrifuged at max speed for 10 mins and the supernatant carefully
removed to not disturb the pellet. 100 µL of nuclease free diH2O was added to resuspend the
pellet and then digested at 37°C with 1 µg/mL RNase A and 20 µg/mL Proteinase K. An equal
volume of chloroform:isoamyl alcohol was added and the extraction process was repeated. At
the final steps, instead of digesting with RNase and Proteinase, 2 µL of DNA was added to a
Nanodrop ND1000 and the A260/A280 was recorded. gDNA isolated was stored at -20°C until
use.

16

RNA isolation
RNA was isolated from cells stored in 10% glycerol from the time points collected during
the study. Cells were pelleted at 16,000 x g for 10 mins at 4°C and the supernatant removed.
The pellet was resuspended with 0.5 mL of 1X TE pH 8.0 + 0.2% Triton X-100. The cells were
incubated at 50°C for 30 mins and placed immediately on ice for 5 mins. 0.5 mL of Trizol (Life
Technologies, California) was added to the cells and the cells were sonicated at 3s pulses 15
times, at 20% power using a Branson Sonifier Cell Disruptor 200 and attached ultrasonic probe.
The microfuge tube the cells were contained in was kept in an ice water bath to prevent the rise
of temperature inside the tube. The cells were pelleted and the supernatant was passed through a
Directzol RNA filter (Zymo Research, California) to bind the RNA. The RNA was washed
twice with the included RNA wash buffer and gDNA carryover was digested by performing a
DNase I (Fermentas, California) digestion on the column for 30 mins at 37°C. After digestion,
the RNA was washed twice more with the buffer, and eluted off the column with 100 µL of
nuclease-free diH2O. 2 µL of RNA was used to check the A260/A280 on a Nanodrop ND1000.
The RNA integrity number (RIN) was determined by diluting 1 µL of the purified RNA above
and performing a 10-fold dilution in molecular biology water (Lonza, Maine). The diluted RNA
was assessed with high sensitivity RNA ScreenTape (Agilent Technologies Inc., Delaware).

Primer design and validation using polymerase chain reaction (PCR)
To determine if genes which had shown or predicted metal response in Synechococcus
elongatus PCC 7942 existed in S. IU 625, PCR reactions and sequencing were used. Primer sets
were designed to prime different regions of genes based on the sequence in Synechococcus
elongatus 7942, which include smtA, catT, and pacS. The primers are listed in Table # and were
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used to target specific region amplification in S. IU 625 gDNA by PCR. PCR amplification was
done as 25 µL reactions, composed of 12.5 µL 2X GoTaq Master Mix (Promega, Wisconsin), 2
µL of DMSO, 1 µL of each primers to a final concentration of 400 nM, and 2 µL of gDNA.
Nucelase free diH2O was used to bring the final volume up to 25 µL and the volume placed in
0.2 mL PCR tubes and placed in a Veriti Thermocycler (ABI, California). Reaction was initiated
by denaturation at 95°C for 2 mins, followed by 35 cycles of denaturing at 95°C for 30 sec,
annealing at 60°C for 1 min, and extension at 72°C for 30 sec. A final extension step was
performed at 72°C for 7 mins and the reaction stopped by cooling the tubes at a hold of 4°C. 8
µL of PCR product was visualized on a 1% agarose Gel in 1X TAE buffer to confirm correct
amplicon size. The resulting gels were imaged using a UVP GelDoc-IT station (UVP,
California).

cDNA synthesis
10 µL of gDNA free RNA was used as a template for cDNA synthesis. cDNA synthesis
was carried out using the ABI High Capacity cDNA Synthesis Kit (Life Technologies,
California). From the 10 µL of RNA, 2 µL of 10X RT buffer, 0.8 µL of dNTP Mix, 2 µL of 10X
random primers, 1 µL of reverse transcriptase, and 3.2 µL of nuclease-free diH2O were mixed
and added to a 0.2 mL nuclease-free reaction tube. The tubes were placed in a thermocycler and
incubated for 25°C for 10 mins, 37°C for 2 hours, and RT inactivation at 85°C for 5 mins. The
tubes were stored at -20°C until use.

Quantitative PCR
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qPCR primers were designed to amplify between 110 bp to 125 bp based on the above
sequenced genes. Table shows the qPCR primers which were designed for this study. qPCR
was carried out by utilizing the ΔΔCt method with SYBR Green and melt curve dissociation to
validate product formation. The target gene expression was compared to the expression of rpsL
which is the 30S ribosomal subunit protein S12 as a housekeeping gene. 10 µL of cDNA was
used as a template for the reaction, and was added to 12.5 µL of 2X SYBR Select Master Mix
(Life Technologies, California), 1 µL of forward and 1 µL of reverse primers to give a final
reaction concentration of primers of 250 nM. Nuclease-free diH2O was added to bring the final
volume up to 25 µL and the reaction mixture was placed in an optically clear low profile 96 well
plate, sealed with optically clear film. PCR was performed by utilizing the “fast” setting, which
was initialized by incubation at 50°C for 2 mins to activate Uracil-DNA Glycosylase (UDG)
which was present in the master mix. The reactions were incubated at 95°C for 2 mins to
activate the polymerase, and then 40 cycles of 95°C for 15 sec, 60°C for 60 sec was performed.
At the end of 40 cycles, a melt curve was performed to determine dissociation and purity of
reaction product formed. Reactions were repeated in triplicates of triplicates (n=9) and exported
to GraphPad Prism for statistical analysis with visualization performed using Microsoft Excel.

RNA-seq and analysis
From the purified RNA above ribosomal RNA was depleted using Ribominus
Transcriptome Isolation Kit – Yeast and Bacteria (Thermo Fisher Scientific, California). Ion
total RNA-Seq Kit and Ion Xpress RNA-Seq Barcode 1-16 Kit were used to construct the
sequencing libraries from rRNA depleted RNA as recommended by the supplier (Thermo Fisher
Scientific, California). Agencourt AMPure XP Reagent beads (Beckman Coulter Inc., California)
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were used to purify the amplified library; with 1 µL of the library assessed with D1k ScreenTape
(Agilent Technologies Inc., Delaware). Individual libraries were diluted to 50 pM with low TE
buffer (Thermo Fisher Scientific, California). Following this, an equal amount of each of 6
samples was pooled together for one Ion PI Chip V2 (Thermo Fisher Scientific, California). Ion
Sphere particles containing the clonally amplified DNA were prepared and then enriched with
Ion PI Hi-Q Chef Kit (Thermo Fisher Scientific, California). The enriched template-positive Ion
Sphere particles were sequenced with Ion PI Chip V2 and the Ion PI Hi-Q Sequencing 200 Kit
on the Ion Proton instrument (Thermo Fisher Scientific, California). Following sequencing the
output files were subjected to base calling and generation of .BAM files. From the .BAM files
adapter sequences and 5’ and 3’ ends were removed and trimmed using Trimmomatic (Bolger et
al., 2014). The quality of the individual unpaired reads were checked using FASTQC (Andrews,
2014) and trimming repeated as needed. The trimmed files were then piped into RockHopper 2
(Tjaden, 2015) for alignment using Synechococcus elongatus PCC 7942 as a reference genome.
Differential expression was performed using this software, with a default false discovery rate
corrected p-value (q-value) set to 0.01. Genes are considered differentially expressed when q
was less than 0.01. A visual heatmap of the differentially expressed genes was generated using
Microsoft Excel.

Flow cytometry
Flow cytometry was used to rapidly provide an overview of the cell population. 1 mL of
unfixed cells from the growth monitoring experiments (zinc and cadmium) were placed in a
microfuge tube and were processed using a freshly calibrated MACSQuant Analyzer (Miltenyi
Biotec, California). 405nm, 488nm, and 638nm lasers were used to detect forward (280V) and side
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scatter (250V), phycoerythin (580V), chlorophyll a (450V), and allophycocyanin (430V) in
metal exposed S. IU 625. Voltages were set on control cells and sampling was set to 50,000
events. Each sample was repeated in triplicate, from different sets of cells to ensure the validity
of sampling. Dot plots and histograms were generated by analysis in FlowJo V 10.0.2 (FlowJo,
LLC., Oregon). In addition to the naturally occurring pigments, zinc exposed cells were
incubated with zinquin ethyl ester (Enzo Life Sciences, New York) to a final concentration of 50
µM. Zinquin was measured by using the 405nm laser. Cells were centrifuged and the supernatant
discarded. The cell pellet was washed 3 times in 1X sterile PBS and resuspended in 500 µL of
1X PBS. Zinquin was added to the cells in the dark and incubated for 30 mins at room
temperature.

Statistical analysis
Unless otherwise stated, all statistical analysis of work was performed in GraphPad Prism
5. Assays were typically performed in triplicate and analyzed using One Way Analysis of
Variance (ANOVA) with a Bonferroni post hoc test performed to determine if p < 0.05.
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Results
Synechococcus sp. IU 625 is capable of surviving in ZnCl2 up to 25 mg/L
To better understand the physiological effect that long-term exposure of ZnCl2 had on the
growth of S. IU 625, monitoring of growth was conducted in triplicate under different
concentrations of ZnCl2. Figure 3 shows the summary of these findings. S. IU 625 was grown in
three different concentrations of ZnCl2; 10, 25, and 50 mg/L. These concentrations were
selected to show a concentration which had a similar growth to the control (10), the LD50 (25),
and a complete inhibition of growth (50). Growth was monitored as both the OD750nm and direct
cell number. The cells were monitored over 29 days, and this study repeated in triplicate. Figure
1A shows the OD750nm control cells (0 mg/L) in green, while 10 mg/L is shown in red, 25 mg/L
is shown in yellow, and 50 mg/L shown in blue. Figure 1B shows the direct count measured in
these studies with control cells (0 mg/L) in green, while 10 mg/L is shown in red, 25 mg/L is
shown in yellow, and 50 mg/L shown in blue.
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Figure 3. Growth curves of Synechococcus sp. IU 625 in the presence of 0, 10, 25, and 50 mg/L
ZnCl2. (A) The turbidity was determined by optical density at 750 nm (OD750nm) over the course
of 29 days. (B) The direct count of the cell numbers using a hemocytometer over the course of
29 days. Data is presented as the mean ± standard deviation of three independent replicates.
“Reprinted from Aquatic Toxicology, Volume 186, Robert Newby Jr, et al., Characterization of
zinc stress response in Cyanobacterium Synechococcus sp. IU 625, 159-170, Copyright (2017),
with permission from Elsevier, License number 4077301501963.”
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The exposure to 25 mg/L ZnCl2 causes the cells to significantly elongate as early as day 4
While monitoring the growth of S. IU 625 it was observed that the cells exposed to 25
mg/L, but not 10 mg/L or 50 mg/L began to become abnormal in length. To record the length,
cells were measured by comparing length to a calibrated stage micrometer using Axiovision
software. Figure 4 shows the average length of 100 cells over the course of observed growth.
By day 4 a significant difference can be observed in the length of the cells can be detected,
which continues to day 7. By day 11 however, the cells are still longer, but there is a loss of
significance. The significance again returns by day 14 and remains until day 29. The 25 mg/L
cells elongated between 3X and 4X the control, 10, and 50 mg/L exposed S. IU 625.
Significance was determined using One Way ANOVA with Bonferroni post hoc testing.
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Figure 4. The measured cell length in µm of S. IU 625 over the experimental course of 29 days.
For each time point n = 100 of cells was used to record the lengths. Data presented is the mean ±
SD. A * indicates means which are significantly different (p < 0.05) as measured using a One
Way ANOVA with Bonferroni post hoc testing. “Reprinted from Aquatic Toxicology, Volume
186, Robert Newby Jr, et al., Characterization of zinc stress response in Cyanobacterium
Synechococcus sp. IU 625, 159-170, Copyright (2017), with permission from Elsevier, License
number 4077301501963.”
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ZnCl2 accumulates inside the cell as concentrations increase
To determine whether the ZnCl2 was associated with the cell mass or the supernatant total
zinc was determined by Inductively Coupled Plasma – Mass Spectrometry (ICP-MS). The
premise behind this study was to determine if a potential mechanism could be elucidated by
determining where ZnCl2 was during the study. Figure 5 shows the bar graphs of the calculated
results from the ICP-MS conducted for 10, 25, and 50 ZnCl2 from days 1, 4, 7, and 18. As seen
in the figure, nearly all the ZnCl2 was found extracellularly for the 10 mg/L, while the 25 mg/L
had about 40% of the zinc intracellular compared to 60% found in the supernatant. The 50 mg/L
ZnCl2 cells had the highest concentration of intracellular zinc, with approximately 80% of the
calculated ZnCl2 found internal of the cell by day 4. This value decreases to around 50% by day
7, but increases again by day 18.
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Figure 5. ICP-MS analysis of ZnCl2 in S. IU 625 from days 1, 4, 7, and 18. ICP-MS was
conducted by following USEPA approved methodology for detection and quantification of heavy
metals. The red bars are representative of the percentage of zinc calculated back to ZnCl2 found
in the extracellular portion (supernatant). The blue bars are representative of the percentage of
zinc calculated back to ZnCl2 found intracellular portion (cell pellet). “Reprinted from Aquatic
Toxicology, Volume 186, Robert Newby Jr, et al., Characterization of zinc stress response in
Cyanobacterium Synechococcus sp. IU 625, 159-170, Copyright (2017), with permission from
Elsevier, License number 4077301501963.”
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Viability decreases for cells exposed to 25 and 50 mg/L ZnCl2
Expectedly as ZnCl2 concentrations increase, a reduction of viability is seen in both the
25 and 50 mg/L ZnCl2 exposed S. IU 625. Initially, 4',6-Diamidino-2-Phenylindole (DAPI) was
used to detect changes in viability, since DAPI binds to dsDNA in a nonselective mechanism.
Figure 6 shows the fluorescent acquired DAPI images for S. IU 625 from days 1, 7, 14, and 21.
It can be seen by day 7, and more noticeable by day 14, that the cells are elongated in the 25
mg/L ZnCl2 population. However, the elongation does not correspond with a reduction of
viability. As can be seen with the 50 mg/L ZnCl2 cells, DNA is still present inside the cells
which indicates the cells may be viable though not actively growing as shown in Figure 3D.
While conducting this study, another viability dye was utilized to calculate the percent viability
by comparing the inclusion of the membrane selective dye SYTOX® Green and the
autofluorescent ability of the phycobilisome. Figure 7 shows the viability of the cells in a much
clearer form than Figure 6 and highlights that while the cells do elongate in the 25 mg/L ZnCl2
population, there is not a drastic reduction in viability seen until later in the growth. Figure 8
shows the viability calculated from the images like those presented in Figure 7.

28

Figure 6. Fluorescently acquired DAPI images from days 1,7, 14, and 21. DAPI is used to
show the viability of S. IU 625 over the course of monitoring. Elongation is seen on day 7 in the
25 mg/L ZnCl2 exposed S. IU 625, which carries on to days 14 and 21. Though less cells are
seen in the 50 mg/L ZnCl2 exposed S. IU 625, DAPI stained cells are noted up to and including
day 21. Bar is equal to 10 µm.
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Figure 7. Fluorescently acquired SYTOX® Green and autofluorescent overlay images from
days 1, 7, 14, and 21. SYTOX® is used to show the viability of S. IU 625 over the course of
monitoring. Elongation is again seen early as day 7 in the 25 mg/L ZnCl2 exposed S. IU 625,
which carries on to days 14 and 21. Cells are considered healthy when no SYTOX® is
incorporated into the cell, showing only autofluorescence (red). Dying (yellow) or dead (green)
cells are shown as the overlay of the composite of autofluorescence of the phycobilisome and the
fluorescence resulting from the binding of SYTOX® to dsDNA. The complete loss of viability
can be seen by day 7 in the 50 mg/L ZnCl2 exposed cells. A decrease of viability can be seen in
the elongated cells by day 21 in the 25 mg/L cells, and a decrease of overall viability of the
culture can be seen in control and 10 mg/L exposed cells by day 21, as expected of the cells. Bar
is equal to 10 µm. “Some images in this figure were reprinted from Aquatic Toxicology, Volume
186, Robert Newby Jr, et al., Characterization of zinc stress response in Cyanobacterium
Synechococcus sp. IU 625, 159-170, Copyright (2017), with permission from Elsevier, License
number 4077301501963.”
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Figure 8. The calculated relative viability of S. IU 625 as determined by SYTOX® Green dye
permeation. SYTOX® Green is only able to penetrate when membrane impairment occurs in the
cell. By taking the ratio of healthy cells (shown as red in Figure 8), to damaged and dying/dead
(shown as yellow and green in Figure 8) cells a relative ratio of live/dead cells was recorded.
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Scanning Electron Microscopy reveals membrane mediated defects in 10 and 25 mg/L ZnCl2
exposed S. IU 625
Scanning Electron Microscopy (SEM) enables the end user to see more detail than
allowed with traditional light microscopy. Since data acquired had indicated that membrane
mediated changes may be mitigating the cellular response, SEM was utilized to help detect
defects which would otherwise be impossible to see using traditional and fluorescent
microscopy. Figure 9A-9L highlight the cells not exposed to ZnCl2 on day 4 (9A-9D), day 7
(9E-9H), and day 11 (9I-9L). No difference was noted in cellular morphology of the control
cells, and clear septation lines (9B) can be noted in cells indicating active cellular division as
expected in healthy cells. Figure 10A-10L highlight the cells exposed to 10 mg/L ZnCl2 over the
same days as in Figure 9. In these cells some clear membrane changes can be observed as in
10H and 10L. These cells appear to have more of a wrinkled appearance not detected in control
cells. Another common change noted in these cells is the clumping of cells, as seen in 10B, 10D,
and 10L. Clumping was seen throughout the cells from days 4, 7, and 11. Figure 11A-11L
shows some of the example morphological changes seen with the exposure to 25 mg/L ZnCl2 on
days 4, 7, and 11. Besides elongation, which is noted in Figure 11B, 11C, and 11K, incomplete
septation lines are also commonly seen as highlighted in 12D and 12L. This indicates that the
exposure to 25 mg/L ZnCl2 is causing division disruption. Like seen in the 10 mg/L ZnCl2
exposed cells, membrane morphological changes are seen in the 25 mg/L population as shown in
11G and 11H. Clumping is also noted, with the appearance of extra exopolysaccharide as clearly
seen in 11I and 11L. Additionally, loss of the ability to maintain a bacillus shape can often be
seen in these cells, resulting in vibrio or curved cell appearance as can be depicted in figures 11J
and 11D. Despite these morphological differences detected, a population of “normal”
morphology cells can be seen in this physiological condition, shown in figures 11A, 121, and
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associated inside the clumped cell mass in 11I. Figure 12A-12L are highlights of the cell
morphology detected in the 50 mg/L ZnCl2 exposed cells. Since a complete loss of viability can
be seen after 7 days of exposure, it is interesting to note that no significant changes are seen in
this culture unlike the differences observed in the 10 and 25 mg/L cultures.
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Figure 9. Scanning electron microscopy (SEM) of control cells on days 4, 7 and 11. SEM was used to image S. IU 625 in much
higher resolution to pinpoint any morphological changes not able to be resolved using conventional microscopy. Voltage, scanning
depth, and scale bar are provided at the lower portion of each image. 9A-9D are the control cells from day 4; 9E-9H are the control
cells from day 7; and 9I-9L are the control cells from day 11. “Some images in this figure were reprinted from Aquatic Toxicology,
Volume 186, Robert Newby Jr, et al., Characterization of zinc stress response in Cyanobacterium Synechococcus sp. IU 625, 159-170,
Copyright (2017), with permission from Elsevier, License number 4077301501963.”
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Figure 10. Scanning Electron Microscopy of 10 mg/L ZnCl2 S. IU 625 cells on days 4, 7 and 11. SEM was used to image S. IU 625
in much higher resolution to pinpoint any morphological changes not able to be resolved using conventional microscopy. Changes
such as membrane modification as seen in 10H were not able to be resolved without the use of SEM. Clumping such as seen in 10D
and 10L can be seen, but individuals are not as clearly seen without the use of SEM. Voltage, scanning depth, and scale bar are
provided at the lower portion of each image. “Some images were reprinted from Aquatic Toxicology, Volume 186, Robert Newby Jr, et
al., Characterization of zinc stress response in Cyanobacterium Synechococcus sp. IU 625, 159-170, Copyright (2017), with
permission from Elsevier, License number 4077301501963.”
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Figure 11. Scanning Electron Microscopy of 25 mg/L ZnCl2 S. IU 625 cells on days 4, 7 and 11. Changes such as membrane
modification as seen in 11G, elongation as seen in 12B, 12C, and 12K were not able to be fully resolved without the use of SEM.
Clumping such as seen in 11B, 11C, 11I and 11L can be seen, but individuals are not as clearly seen without the use of SEM.
Elongation appears to be caused by disruption of replication, as indicated by incomplete septation boundaries seen in elongated cells.
Voltage, scanning depth, and scale bar are provided at the lower portion of each image. “Some images were reprinted from Aquatic
Toxicology, Volume 186, Robert Newby Jr, et al., Characterization of zinc stress response in Cyanobacterium Synechococcus sp. IU
625, 159-170, Copyright (2017), with permission from Elsevier, License number 4077301501963.”
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Figure 12. Scanning Electron Microscopy of 50 mg/L ZnCl2 S. IU 625 cells on days 4, 7 and 11. No significant changes such as
membrane modification were seen. Voltage, scanning depth, and scale bar are provided at the lower portion of each image. “Some
images were reprinted from Aquatic Toxicology, Volume 186, Robert Newby Jr, et al., Characterization of zinc stress response in
Cyanobacterium Synechococcus sp. IU 625, 159-170, Copyright (2017), with permission from Elsevier, License number
4077301501963.”
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Nucleic acid extraction in S. IU 625 for PCR, qPCR, and Transcriptome analysis
Genomic DNA (gDNA) was extracted from control, actively growing S. IU 625 cells
using a traditional organic method. The resulting gDNA was used for subsequent PCR reactions
to determine gene presence and sequence. Table 1 shows the results from the gDNA extraction
done on S. IU 625, with the yield and purity shown in ng/µL and the ratio of A260/A280
respectively. Also shown in Table 1 is the results from the RNA isolation conducted using a
combination of Trizol and Direct-zolTM extraction columns. Sample ID is the sample name
which shows the day and the condition, while the yield is shown in ng/µL, and purity shown as
the ratio of A260/A280.
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Table 1. Nucleic acid extractions used in the ZnCl2 study. Both gDNA and RNA are shown in
this table. Sample ID is the name of the sample, with the RNA data showing both the day of
isolation as well as the condition of exposure.
Sample ID
SIU625-gDNA
Day 1 - 0 mg/L ZnCl2 RNA

ng/ul
447.7

A260
0.254

A280
0.142

260/280
1.79

214.58

5.364

2.702

1.99

Day 4 - 0 mg/L ZnCl2 RNA

215.18

5.38

2.655

2.03

Day 4 - 10 mg/L ZnCl2 RNA

262.25

6.556

3.202

2.05

Day 4 - 25 mg/L ZnCl2 RNA

110.96

2.774

1.368

2.03

Day 4 - 50 mg/L ZnCl2 RNA

11.75

0.294

0.16

1.83

Day 7 - 0 mg/L ZnCl2 RNA

285.67

7.142

3.489

2.05

Day 7 - 10 mg/L ZnCl2 RNA

334.38

8.36

4.124

2.03

Day 7 - 25 mg/L ZnCl2 RNA

247.35

6.184

3.011

2.05

Day 7 - 50 mg/L ZnCl2 RNA

11.96

0.299

0.174

1.72

Day 11 - 0 mg/L ZnCl2 RNA

409.85

10.246

5.04

2.03

Day 11 - 10 mg/L ZnCl2 RNA

469.32

11.733

5.818

2.02

Day 11 - 25 mg/L ZnCl2 RNA

333.24

8.331

4.16

2

Day 11 - 50 mg/L ZnCl2 RNA

10.09

0.252

0.148

1.71

Day 14 - 0 mg/L ZnCl2 RNA

427.35

10.684

5.269

2.03

Day 14 - 10 mg/L ZnCl2 RNA

416.77

10.419

5.148

2.02

Day 14 - 25 mg/L ZnCl2 RNA

194.56

4.864

2.497

1.95

Day 18 - 0 mg/L ZnCl2 RNA

506.11

12.653

6.19

2.04

Day 18 - 10 mg/L ZnCl2 RNA

258.07

6.452

3.159

2.04

Day 18 - 25 mg/L ZnCl2 RNA

133.13

3.328

1.651

2.02

Day 22 - 0 mg/L ZnCl2 RNA

295.04

7.376

3.615

2.04

Day 22 - 10 mg/L ZnCl2 RNA

256.43

6.411

3.153

2.03

Day 22 25 - mg/L ZnCl2 RNA

209.24

5.231

2.817

1.86
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Figure 13. Gene interaction with zinc as predicted using STITCHdb in Synechococcus elongatus PCC 7942. STITCHdb utilizes the
STRINGdb algorithm for detecting and predicting interaction of genes with select compounds. The genes highlighted were selected
for further analysis. The interactions are shown by different color connections corresponding to the key shown in the figure. If the
gene is not named, the locus tag is used. Both direct, and indirect interactions are shown.
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Gene prediction, PCR, and primer generation for potential zinc response mechanism genes in S.
IU 625
STITCHdb was utilized to map out and predict the potential genes responsible for
mediating the zinc response in S. IU 625 and shown as Figure 13. Synechococcus elongatus
PCC 7942 (S. elongatus PCC 7942) is a widely studied model organism which complete gene
annotations have been done. S. IU 625 is closely related to S. elongatus PCC 7942, but pilot
studies conducted have shown S. IU 625 possess much higher tolerance and resistance to zinc
(data not shown), though mechanisms mediating the response may be similar. From the
STITCHdb prediction, three potential zinc response genes were selected to represent different
mechanisms of response. Table 2 shows the primers which were designed to amplify and
sequence the gene based on the sequence from S. elongatus PCC 7942 in S. IU 625. PacS is a
heavy metal transporting ATPase which has been shown to response to metal cations such as
Cu2+, and predicted to play a role in the overall response to other divalent cations. In S.
elongatus PCC 7942 PacS is a single encoded gene composed of 2244 nt. Three different primer
sets were designed to flank both the 5’ and the 3’ end to give complete coverage of the gene.
Figure 14 shows the successful amplification of this gene with the corresponding primer set and
amplicon size as designed. CatT is an antiporter which has been shown in other species to
transport divalent cations, including Zn2+ into the periplasmic space. Its small size of 912 nt
made it an ideal candidate for part of the zinc stress response mechanism in S. IU 625. Two
primer sets were designed as shown in Table 2, and the resulting PCR reaction shown in Figure
15. ZnuACB represent another metal transporting ATPase which is composed of three separate
genes. ZnuA is a predicted divalent cation transport protein which together with ZnuC create a
channel allowing the export of cations into the periplasm. The opening of the channel is
regulated by the ATPase ZnuB. 6 different primer sets were designed to flank the regions
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around these genes. Figure 15 shows the result of PCR with these primers on gDNA isolated
from S. IU 625. znuC could not be completely amplified, indicating that this region may not be
in S. IU 625. Further study of the complete operon would need to be conducted to determine if
the presence of znuC is disrupted or if the sequence is vastly different than found in S. elongatus
PCC 7942. To verify that full length transcripts were present in sample, PCR on cDNA
generated from zinc exposed S. IU 625 was performed. As shown in Figure 16, catT does not
appear to be expressed in control cells, but is expressed in both 10 and 25 mg/L cells. pacS
appears in all cell conditions. Correct size banding was determined by using gDNA as a
template. Because the complete operon could not be amplified and sequenced, znuACB was not
included in the study.
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Table 2. Primers generated and used in the PCR reactions for pacS, catT, and znuACB.
Sequence, Gene ID, overall gene size (nt), and amplicon size (nt) are given in the table.
Primer
Name
PacS_1F
PacS_1R
PacS_2F
PacS_2R
PacS_3F
PacS_3R
catT_1F
catT_1R
catT_2F
catT_2R
ZnuA_1F
ZnuA_1R
ZnuA_2F
ZnuA_2R
ZnuB_1F
ZnuB_1R
ZnuB_2F
ZnuB_2R
ZnuC_1F
ZnuC_1R
ZnuC_2F
ZnuC_2R

Sequence (5'->3')
GTCAGGGTGCCAGACAAGAA
GAGCTGGCGCAAACAATTCA
GAGCCAGATGCCTTCAACCT
CCTCCAAGACCCCTGGGATA
CGCACCCAGTCCTCTACTTG
GCTAGTGGATCCAATGCGGT
GCCACCGTCAATGGAACAAC
GCGATCAGTTGGTAAACGCC
CTACTACGCAGCACGAGGAC
TCTGAGCGAGTCTTGACCCA
GACGATGACGGGTTGCGATA
AGCCATCCCTCATTCGCATT
GCTGATAGGTGCTGGCTTCA
CCCACCAAGAACGAACCTCA
TCTGTAGCCATGAATGGGGC
GATCAAAATGACGCCCACCG
AGCCGCTTGAATCTGGAAGG
GATGTCCAAACTGCCCCAGG
CCACCTTGGGCTGATTACGA
CGATGCCAGTAAAGGGCTCA
TGGGGTTGCTGACACCCTAT
CCGAGCTGAGCAATCCTGAC

Gene

Gene Name

Gene
Amplicon
Size (nt)

pacS
pacS

1049
Heavy Metal
2244
Transporting ATPase

1333

pacS

1071

catT

595
Cation Transport

912

catT
znuA
znuA
znuB
znuB
znuC
znuC
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717
Mn ABC Transport
Protein

Hypothetical
ATPase

Mn ABC Transport
Protein B

875
1038
954
788
852
782
663
738
837

A

B

C

E

D

o

F

Lane

Primer Set

Tm ( C)

Amplicon (nt)

A

pacS_1F + pacS_1R

60

1049

B

pacS_2F + pacS_2F

58

1333

C

pacS_3F + pacS_3R

58

1071

D

catT_1F + catT_1R

58

595

E

catT_2F + catT_2R

58

717

F

znuA_1F + znuA_1R

55

1038

Figure 14. Gel electrophoresis results of PCR on S. IU 625 gDNA using primers for pacS, catT,
and znuA. Size of expected amplicon given in the table as well as the Tm, template, and primer
set used per lane.
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A

B

C

E

D

o

Lane

Primer Set

Tm ( C)

Amplicon (nt)

A

znuA_2F + znuA_2R

55

954

B

znuB_1F + znuB_1R

55

788

C

znuB_2F + znuB_2R

55

782

D

znuC_1F + znuC_1R

55

663

E

znuC_2F + znuC_2R

55

837

Figure 15. Gel electrophoresis results of PCR on S. IU 625 gDNA using primers for znuB and
znuC. Size of expected amplicon given in the table as well as the Tm, and primer set used per
lane.
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A

B

C

D

E

F

G

H

I

J

K

L

o

M

Lane

Source

Primer Set

Tm ( C)

Amplicon (nt)

A

cDNA – Day 4 – 0 mg/L

PacS_1F + PacS_1R

58

1049

B

cDNA – Day 4 – 10 mg/L

PacS_1F + PacS_1R

58

1049

C

cDNA – Day 4 – 25m/L

PacS_1F + PacS_1R

58

1049

D

cDNA – Day 4 – 0 mg/L

catT_1F + catT_1R

58

595

E

cDNA – Day 4 – 10 mg/L

catT_1F + catT_1R

58

595

F

cDNA – Day 4 – 25 mg/L

catT_1F + catT_1R

58

595

G

cDNA – Day 7 – 0 mg/L

PacS_1F + PacS_1R

58

1049

H

cDNA – Day 7 – 10 mg/L

PacS_1F + PacS_1R

58

1049

I

cDNA Day 7 – 25 mg/L

PacS_1F + PacS_1R

58

1049

J

cDNA – Day 7 – 0 mg/L

catT_1F + catT_1R

58

595

K

cDNA – Day 7 – 10 mg/L

catT_1F + catT_1R

58

595

L

cDNA – Day 7 – 25 mg/L

catT_1F + catT_1R

58

595

M

gDNA – S. IU 625

PacS_1F + PacS_1R

58

1049

Figure 16. Gel electrophoresis results of PCR on S. IU 625 cDNA using primers for pacS and
catT. Size of expected amplicon given in the table as well as the Tm, template, and primer set
used per lane. cDNA generated from RNA on selected day and condition is given in the source
column.
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Table 3. Quantitative PCR primers used for this study. Primer sequence, gene target, and
expected amplicon are shown in this table. Forward and Reverse are designated by RTF and
RTR respectively.
Primer Name
rpsL_RTF1
rpsL_RTR1
smtA_RTF1
smtA_RTR2
pacS_RTF
pacS_RTR
catT_RTF
catT_RTR

Sequence (5' -> 3')
ATGATGTGATAGCGCACACC
TCACTGCCTATATCCCTGGC
ACAGGCTTCGCTGCAGTAGT

AACAACCTTGGTCAAATGCG
CCAACCGAGTAGGGTTTGCT
TAAAACCGGCACTCTCACCC
ATCCAGCTACTACGCAGCAC
GCCTATCACACGATGAGCGA
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Gene

Amplicon (nt)

rpsL

110

smtA

118

pacS

127

catT

124

Quantitative PCR (qPCR) for smtA, pacS, and catT
qPCR primers were designed based on the sequences obtained using conventional PCR.
Table 3 lists the primers used for this study. The Synechococcus metallothionein gene smtA has
been previously sequenced in S. IU 625 (Chu et al., 2007), and has been previously shown to
play a vital role in zinc response. smtA, pacS, and catT expression levels were compared to the
30S ribosomal subunit protein S12 rpsL as a housekeeping gene. Figure 17 highlights the trend
that the expression of rpsL is stable throughout the course of study, across various conditions.
This yields way to its use as an appropriate housekeeping gene as shown using PCR on cDNA
generated in Figure 17. Figure 17 also shows the validation of the qPCR primers designed for
pacS and catT as verified using cDNA from days 1, 7, 14, and 21. Since smtA has already been
sequenced by this lab, a gel verifying primer binding was not included in this study. Once
validated, these primers were used in qPCR in three replicates of three, generating nine data
points for day 1, 7, 14, and 21 in control, 10, and 25 mg/L ZnCl2 exposed S. IU 625. The
summary of these results is shown in Figure 18. Figure 18 shows the resulting fold change, as
calculated from the RQ of the expression of the gene compared to the control and as normalized
to the expression of rpsL. A heatmap was then generated to illustrate the fold change. As data
has previously expected, smtA expressions are highest in the 10 and 25 mg/L ZnCl2, and
transcript levels remain high over the course of the experiment. Expression of both catT and
pacS does not begin to increase until after 14 days of growth in the presence of ZnCl2. This
validates that smtA is a key response gene for early and late zinc stress response in S. IU 625 and
that catT and pacS may only play a role in the late response mechanism.
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Figure 17. Gel electrophoresis results of PCR on S. IU 625 cDNA generated from RNA isolated
from listed day and condition using primers for the validation of proposed housekeeping gene
rpsL, pacS, and catT.
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Figure 18. qPCR analysis of three potential zinc response genes.catT, pacS, and smtA are
predicted or known metal response genes in S. IU 625 and their expression was detected using
qPCR after subsequent cDNA synthesis. catT and pacS are both cation transport proteins which
belong to different classes of transport proteins relying on different mechanisms. Whereas smtA
belongs to a class of proteins known as metallothioneins which sequester metal ions by direct
binding. Expression of smtA is highest in the 25 mg/L exposed cells over the entire duration of
the exposure, followed by the 10 mg/L exposed cells, indicating smtA plays an integral part of
the response mechanism. catT and pacS do not show upregulation and appear to be
downregulated until late in the cell growth period (21 days). “Image reprinted from Aquatic
Toxicology, Volume 186, Robert Newby Jr, et al., Characterization of zinc stress response in
Cyanobacterium Synechococcus sp. IU 625, 159-170, Copyright (2017), with permission from
Elsevier, License number 4077301501963.”
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Flow cytometry can show changes in cell population
Flow cytometry can rapidly detect changes in the cell population when S. IU 625 without
the need for staining. By measuring the phycobilisome components, chlorophyll a, and the size
(as detected by forward scatter), an image of changes to each individual cell can be detected.
Figure 19A-19F shows the changes that occur in S. IU 625 when exposed to ZnCl2 from days 1
(19A-19C), 4 (19D-19F), 7 (19G-19I), and 14 (19J-19L). Allophycocyanin and chlorophyll a
fluorescent intensity ratio can be used as a rapid prediction of cell health – as both are used in
photosynthesis for S. IU 625. Loss of either of these components will drastically negatively
affect how the cell conducts photosynthesis. Comparisons of size to phycoerythrin contents as
well as size to chlorophyll a content also yield way to insights into the cell composition. As can
be seen in Figure 19A-19C, no direct change in any of the measured variables is detected by day
1. Cluster of dots representing single events show a uniform overlay of the control (yellow), 10
(blue), 25 (red), and 50 mg/L ZnCl2 exposed cells (green). This changes by day 4, as can be seen
in 19E and 19F, events registered from the 25 mg/L ZnCl2 exposed population are seen to be
moving away from the group in both phycoerythrin and chlorophyll a measurement of intensity.
By day 7, separation of both the 25 mg/L and 50 mg/L can be clearly seen in the intensity of
allophycocyanin/chlorophyll a (19G), the size to phycoerythrin (19H), and the size to chlorophyll
a (19I). Complete loss of the both allophycocyanin and chlorophyll a can be seen in the 50 mg/L
population (19J), while separation of the elongated cells in the 25 mg/L population can be seen
in both phycoerythrin and chlorophyll a (19K and 19L respectively).
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Figure 19. Flow cytometry analysis of pigments over the course of zinc exposure. Flow
cytometry represents a rapid way to determine and detect changes in microbiological
populations. In the above data, as the cells are exposed longer to higher concentrations of zinc a
loss of integral photosynthetic pigments like allophycocyanin, and chlorophyll a are noticed as
soon as day 7 in the 50 mg/L population (red). A shift in fluorescent intensity is noticed in 25
mg/L for both chlorophyll a and phycoerythrin (19E, 19F, 19H, 19I, 19K, 19L), which may be a
byproduct of the elongated cell population. Loss of pigment is noticed in the 50 mg/L cell
population as early as (19F) day 4 starting with chlorophyll a, and nearly complete degradation
of the phycobilisome complex is seen by day 14 in the 50 mg/L cell population (19J, 19L).
“Images were reprinted from Aquatic Toxicology, Volume 186, Robert Newby Jr, et al.,
Characterization of zinc stress response in Cyanobacterium Synechococcus sp. IU 625, 159-170,
Copyright (2017), with permission from Elsevier, License number 4077301501963.”
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Zinquin can be used with flow cytometry to measure where zinc concentrations are highest
Due to the high cost and turnaround time for ICP-MS, Zn2+ selective dyes such as
Zinquin are an attractive option to visualize where zinc is concentrating inside a cell.
Traditionally used for eukaryotic cells, the application of zinquin for zinc toxicity is not widely
used. By combining the use of flow cytometry, it was observed that zinquin may be able to be
used to determine if zinc is present in high concentrations with the cell mass. Figure 20A and
20B show the results from the flow cytometry measurement of zinquin fluorescence in day 4
(20A) and day 7 (20B). These results mimic those obtained by ICP-MS for the intracellular
concentration. However, flow cytometry cannot detect the concentration from the supernatant.
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Figure 20. Flow cytometry analysis of day 4 (23A) and day 7 (23B) for the fluorescence of
zinquin dye. Zinquin can be imported into metabolically active cells where it is cleaved and
fluoresces in the presence of Zn2+. Shown above is the histogram showing fluorescent intensity.
The highest the concentration of zinc, the larger the fluorescent peak.
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Transcriptome analysis for 0, 10, and 25 mg/L ZnCl2 exposed S. IU 625 on days 4 and 7
To determine which genes were playing a role in the zinc stress response, and to
characterize them based on response times, transcriptome analysis of RNA isolated from days 4
and 7 was carried out. Due to the need for high quality RNA in order to determine the
transcriptome of a species, the RNA integrity number (RIN) is calculated by an algorithm based
on the peaks for the 23S and 16S rRNA as determined by an Agilent 2100 Bioanalyzer. A RIN
of close or greater than 7 is generally considered as acceptable for RNA sequencing. Although
50 mg/L ZnCl2 for both days 4 and 7 is included in the RIN analysis, these cells were not used
for subsequent sequencing. Days 11 and 14 were also not included for sequencing for any
condition. Following library preparation from day 1 control, and days 4 and 7 control, 10 mg/L
and 25 mg/L ZnCl2 cultures, another gel showing the successful preparation of cDNA was
conducted. Following barcoding and sequencing, the resulting data was cleaned up to remove
adapters and trimming of low quality reads as needed. The quality of the data was analyzed and
piped into software to determine the transcriptional profile of each condition tested. Rockhopper
2 is capable of performing differential expression analysis by aligning the input sequence to a
reference genome, and comparing the number of transcripts to each other. The data is displayed
in the Integrated Genome Browser (IGM), where alignments can be visualized as well as
changes in sequence such as SNPs or in-dels can be determined. From IGM a table can be
created, and significantly expressed genes can be determined. From the results obtained, 278
genes were differentially expressed in the zinc exposed cells. From those 278 genes, four
functional categories were drawn up based on gene function and clustering. Genes which were
hypothetical were grouped and further clustered based on homology to other known functional
genes from databases such as PDB and UniProt. From the hypothetical proteins genes were
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clustered based on DNA Binding, Membrane components, Metabolism, Regulation, and
Unknown function. From the 278 genes, 89 were present in this group. Genes which play a role
in metabolism or metal binding were next grouped together, and of the 278, 60 genes were
present in this group. Genes which made up components of the inner or outer membrane, or
were anchored in the membrane were next clustered together. Of the 278 genes, 61 genes were
present in this group. Finally, genes which are classified as having a regulatory effect, either by
direct DNA binding or by protein modification were clustered together. From this group of the
278 genes, 68 were present in this group. Figure 21 highlights the heatmap of the 89
differentially expressed hypothetical genes and the cluster they belong to. SynPCC7942 was
used as a reference genome and the corresponding gene ID and locus tag is shown in the table as
well. Data presented is the fold change as calculated from the Rockhopper 2 software and genes
were only considered differentially expressed when false discovery rate corrected p (q) was less
than 0.01. As expression increases, the color becomes more red, while as expression decreases,
the color becomes more green. No significant difference in expression is marked by a black
color box. Figure 22 shows the 60 differentially expressed genes and their expression for those
genes clustered with being part of the metabolism or metal acquisition in S. IU 625. Figure 23
shows the trend of the 61 genes which belong to the various metabolism enzymes in S. IU 625.
Figure 24 shows the 68 genes which are differentially expressed which play a role in regulation
such as transcriptional factors, kinase, polymerase, or ribosomal composition.
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Figure 21. Expression profile of the 89 differentially expressed genes with hypothetical
function. The predicted gene function was determined using UniProt, PDB, or NCBI and based
on homology to proteins of known function. These functions were broken down into five
categories listed to the right of the table. Expression was calculated and a heatmap generated.
As genes are more upregulated (>0) they are shown in shades of red; while genes that are
downregulated (<0) are shown in shades of green. A Log2 fold change scale is shown at the
bottom of the table. “Image reprinted from Aquatic Toxicology, Volume 186, Robert Newby Jr,
et al., Characterization of zinc stress response in Cyanobacterium Synechococcus sp. IU 625,
159-170, Copyright (2017), with permission from Elsevier, License number 4077301501963.”
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Figure 22. Expression profile of the 60 differentially expressed genes with function in
metabolism, stress response or metal binding. The gene name and locus tag in S. elongatus PCC
7942 is given in the table. As genes are more upregulated (>0) they are shown in shades of red;
while genes that are downregulated (<0) are shown in shades of green. A Log2 fold change scale
is shown at the bottom of the table. “Image reprinted from Aquatic Toxicology, Volume 186,
Robert Newby Jr, et al., Characterization of zinc stress response in Cyanobacterium
Synechococcus sp. IU 625, 159-170, Copyright (2017), with permission from Elsevier, License
number 4077301501963.”
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Figure 23. Expression profile of the 61 differentially expressed genes with function in
membrane components. The gene name and locus tag in S. elongatus PCC 7942 is given in the
table. As genes are more upregulated (>0) they are shown in shades of red; while genes that are
downregulated (<0) are shown in shades of green. A Log2 fold change scale is shown at the
bottom of the table. . “Image reprinted from Aquatic Toxicology, Volume 186, Robert Newby Jr,
et al., Characterization of zinc stress response in Cyanobacterium Synechococcus sp. IU 625,
159-170, Copyright (2017), with permission from Elsevier, License number 4077301501963.”
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Figure 24. Expression profile of the 68 differentially expressed genes with function in various
cellular functions such as protein synthesis, protein activation, regulation, or DNA binding. The
gene name and locus tag in S. elongatus PCC 7942 is given in the table. As genes are more
upregulated (>0) they are shown in shades of red; while genes that are downregulated (<0) are
shown in shades of green. A Log2 fold change scale is shown at the bottom of the table. “Image
reprinted from Aquatic Toxicology, Volume 186, Robert Newby Jr, et al., Characterization of
zinc stress response in Cyanobacterium Synechococcus sp. IU 625, 159-170, Copyright (2017),
with permission from Elsevier, License number 4077301501963.”
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Bioinformatics analysis of hypothetical genes and their predicted function
Since majority of the genes determined to be differentially expressed were hypothetical
genes, bioinformatics was used to help try to elucidate the function of these genes. Based on
sequence homology and alignment, five of the 89 genes were determined to have known
homologues of known function. These were classified by sequence homology and alignment.
SynPCC7942_0443, as shown in Figure S1 has a very high homology to other cyanobacteria
species S-layer extruder protein. From the data, this gene is most highly expressed in the 25
mg/L ZnCl2 exposed cells in both day 4 and day 7. SynPCC7942_0230 has a relatively high
homology to a family of transporter proteins known as Major Facility Transport proteins, as
shown in the sequence alignment of this gene in Figure S2. SynPCC7942_1800 has high Cterminus consensus to a known zinc resistance protein as shown in Figure S3. This resistance
protein is hallmarked by a LTXXQ motif present twice in the sequence. SynPCC7942_0444
appears to be closely related to known conjugation mechanisms found in cyanobacteria. As
shown in Figure S4, this gene does not have as high of homology in the N- terminus region, but
from the midpoint of the protein to the C- terminus, high homology can be seen. Lastly,
SynPCC7942_1476 has high homology to a class of proteins known as Pii signaling peptides.
The Pii signaling peptides play a role in the regulation of nitrogen metabolism. As shown in the
data from the transcriptome, global nitrogen gene regulation appears to be most disrupted in the
25 mg/L ZnCl2 exposed cells. Changes of expression of this gene could directly affect nitrogen
metabolism in the cell.
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Zinc response differs based on concentration of exposure
As concentration of zinc increases from 10 to 25 mg/L ZnCl2, so do the differences in
terms of gene expression. While some overlap appears between the two conditions, several key
differences are seen in the transcriptome analysis of day 4 and day 7. Figure 25 illustrates the
differences between the 10 mg/L and 25 mg/L, as well as the mechanism of response. As can be
seen, and as expected, smtA appears to be one of the largest components of the zinc stress
response in both 10 and 25 mg/L ZnCl2 data. This aligns with the previously presented data
showing the expression of smtA in qPCR being high for both conditions. Genes which regulate
the transportation of zinc ions such as porins and permeases are also highly expressed, indicating
that the passive transport of zinc outside the cell is likely to be one of the key mechanisms for 10
mg/L. This matches the data obtained with both the ICP-MS and the zinquin fluorescent data
obtained from flow cytometry. Compared to the 25 mg/L ZnCl2 proposed mechanism, much of
the mediated response falls on secretion proteins, in conjunction with active transport
mechanisms, porins, and binding proteins such as smtA. Global levels of phycobilisome
proteins, as well as nitrate permeases seem to be the most highly down regulated. The summary
of the five potential mechanisms as based on the experiments conducted here is shown in Figure
26. The mechanism of response is characterized into early, mid, and late response mechanism
corresponding with the phase of growth of the cell. From days 0-4 genes which are
characterized as early follow the lag and early exponential phase of the cell. Genes which are
characterized as mid follow exponential to early stationary; while genes characterized as late are
genes which are primarily used in late stationary, early death phase.
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Figure 25. The proposed mechanism of response in S. IU 625 when exposed to 10 & 25 mg/L ZnCl2. Genes which upregulated are
colored in red, and downregulated are shown in green, similar to the heatmaps generated in tables 4-7. The early (day 4) and mid (day
7) response mechanisms are highlighted in this figure, as well as the location of the Zn2+ ion. “Image reprinted from Aquatic
Toxicology, Volume 186, Robert Newby Jr, et al., Characterization of zinc stress response in Cyanobacterium Synechococcus sp. IU
625, 159-170, Copyright (2017), with permission from Elsevier, License number 4077301501963.”
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Figure 26. A summary of the gene responses over the course of observed growth in S. IU 625.
These responses are based on known response as shown in Figure 2. The corresponding time in the growth cycle is highlighted
showing which mechanisms are considered early, mid, and late response
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S. IU 625 is much more sensitive to CdCl2 than ZnCl2
Similar to the growth monitoring conducted with ZnCl2 exposed S. IU 625 cells, CdCl2
monitoring was conducted to determine if similar mechanisms existed for both metal responses
since both zinc and cadmium have similar chemical properties and dissociate to their divalent
forms easier, many have predicted that mechanism that respond to Zn2+ will also respond to
Cd2+. S. IU 625 however, is more sensitive to CdCl2 than to ZnCl2. While 25 mg/L ZnCl2 is
approximately the LD50 for S. IU 625, S. IU 625 is only capable of surviving up to 20 mg/L
CdCl2. 30 mg/L proves completely lethal to S. IU 625 in CdCl2, while 50 mg/L is the upper limit
for exposure in ZnCl2. Figure 27 shows the growth curves of S. IU 625 grown in the presence of
0, 10, 20, and 30 mg/L CdCl2.
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Figure 27. Growth curves of Synechococcus sp. IU 625 in the presence of 0, 10, 20, and 30
mg/L CdCl2. (A) The turbidity was determined by optical density at 750 nm (OD750nm) over the
course of 29 days. (B) The direct count of the cell numbers using a hemocytometer over the
course of 29 days. Data is presented as the mean ± standard deviation of three independent
replicates.
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Elongation does not occur in S. IU 625 exposed to CdCl2
As observed in the 25 mg/L ZnCl2 exposed cells, elongation does not occur in the cells
exposed to CdCl2. As measured from cells collected over the 29 days for observation, Figure 28
shows that no significant difference was observed in cell length for 0, 10, 20, or 30 mg/L CdCl2
exposed cells.
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Figure 28. The measured cell length in µm of S. IU 625 over the experimental course of 29 days.
For each time point n = 100 of cells was used to record the lengths. Data presented is the mean ±
SD. No significant difference was determined in these cells exposed to 10, 20 or 30 CdCl2 (p >
0.05) as measured using a One Way ANOVA with Bonferroni post hoc testing.
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Cells exposed to 20 mg/L CdCl2 exhibit a reduction in viability sooner than those exposed to 25
mg/L ZnCl2
Figure 29 represents the SYTOX® Green images taken with the autofluorescent overlay
of the phycobilisome pigments in S. IU 625. By day 14 in the 20 mg/L CdCl2 exposed S. IU 625
many more dying or dead cells can be observed. Normal morphology is seen in these cells,
suggesting that unlike ZnCl2, CdCl2 does not directly disrupt cell division. The relative viability
is calculated in the same fashion as the ZnCl2 exposed cells, by taking the ratio of the health
(red) to the dying/dead (yellow/green), and presented in Figure 30.
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Figure 29. Fluorescently acquired SYTOX® Green and autofluorescent overlay images from
days 1,7, 14, and 21. SYTOX® is used to show the viability of S. IU 625 over the course of
monitoring. Unlike ZnCl2 no elongation can be seen in any of the CdCl2 exposed S. IU 625.
Cells are considered healthy when no SYTOX® is incorporated into the cell, showing only
autofluorescence (red). Dying (yellow) or dead (green) cells are shown as the overlay of the
composite of autofluorescence of the phycobilisome and the fluorescence resulting from the
binding of SYTOX® to dsDNA. The complete loss of viability can be seen by day 7 in the 30
mg/L CdCl2 exposed cells. A decrease of viability can be seen in the elongated cells by day 14
in the 20 mg/L cells.

70

Percent viability

100.00%
80.00%
60.00%
40.00%
20.00%
0.00%

Day 1

Day 4

0 mg/L CdCl2

Day 7

Day 11

10 mg/L CdCl2

Day 15

Day 18

20 mg/L CdCl2

Day 21

Day 25

Day 29

30 mg/L CdCl2

Figure 30. The calculated relative viability of S. IU 625 as determined by SYTOX® Green dye
permeation. SYTOX® Green is only able to penetrate when membrane impairment occurs in the
cell. By taking the ratio of healthy cells (shown as red in Figure 36), to damaged and dying/dead
(shown as yellow and green in Figure 36) cells a relative ratio of live/dead was recorded.

71

Flow cytometry analysis of CdCl2 exposed S. IU 625
Similar to the analysis conducted for the ZnCl2 exposed S. IU 625, the analysis of the
effects CdCl2 had on size, complexity, and pigment composition was conducted on days 4, 7, and
11. Though unlike the zinc exposed cells, zinquin has a very low binding capacity for Cd2+, thus
it could not be used to determine the location of the Cd2+ ion. Figure 32 shows the results of the
flow cytometry conducted using control (yellow), 10 mg/L (blue), 20 mg/L (orange), and 30
mg/L CdCl2 (green) on days 1, 4, 7, and 11. As can be seen, no difference is observed in size or
complexity, which corresponds to the imaging analysis performed in Figure 30. Pigment
composition changes can be seen by day 4, with the complete loss of chlorophyll a in the 30
mg/L CdCl2 exposed S. IU 625. This visualizes the almost complete loss of pigment as detected
in fluorescent microscopy in Figure 29.
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Figure 31. Flow cytometry analysis of pigments over the course of cadmium exposure. Flow
cytometry represents a rapid way to determine and detect changes in microbiological
populations. In the above data, as the cells are exposed longer to higher concentrations of
cadmium a loss of integral photosynthetic pigments like allophycocyanin, phycoerythrin, and
chlorophyll a, are noticed as soon as day 4 in the 30 mg/L population (green). A shift in
fluorescent intensity is noticed in 20 mg/L for allophycocyanin. Loss of pigment is noticed in
the 30 mg/L cell population as early as day 4 starting with allophycocyanin and phycoerythrin.
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Bioinformatics analysis reveals different mechanism of response for Cd2+
Similar to the gene prediction used for Zn2+, STITCHdb was used to highlight potential
genes which may play a role in the response to Cd2+. Despite the similar chemical properties of
zinc and cadmium, very little response overlap is predicted, with the smtA repressor smtB being
one of the only genes which is shown to have some overlap. Figure 32 shows the gene
prediction of interactions to cadmium again using S. elongatus PCC 7942 as a model organism.
Cadmium has been previously experimentally shown to interrupt and target the ribosome in
several species including Chironomus riparius (Planello et al., 2007) and some species of
bacteria. Other genes which may play a role in cadmium response are the petABCD operon
which is part of the electron transport chain and is associated with cytochrome b.
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Figure 32. Gene interaction with cadmium as predicted using STITCHdb in Synechococcus elongatus PCC 7942. STITCHdb utilizes
the STRINGdb algorithm for detecting and predicting interaction of genes with select compounds. The interactions are shown by
different color connections corresponding to the key shown in the figure. If the gene is not named, the locus tag is used. Both direct,
and indirect interactions are shown.
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In summary, this study highlights the global changes that occur with the exposure to sub
lethal concentrations of zinc and the physiological response the cells must undergo when
exposed to this stress. The role of zinc in both cell development and bloom formation is
important to be elucidated in cyanobacteria; as harmful algal blooms become an increasing
global phenomenon. This study has determined that the environmental indicator S. IU 625 can
survive in highly zinc contaminated environments. Like in S. elongatus PCC 7942, smtA is still
one of the primary and early response genes for zinc stress in S. IU 625. Concentrations as low as
10 mg/L of ZnCl2 are primarily mediated by membrane modifications and pumping back into the
environment; while the concentration of 25 mg/L ZnCl2 require the use of sequestering,
membrane modification, and elongation to aid in the survival and response of the cells. These
results indicate that S. IU 625 may be an organism to further explore for zinc contaminated sites
for potential remediation applications.
For cadmium, due to the cost, the transcriptome has not yet been completed. Since the cells
are much more cadmium sensitive when compared to zinc, less mechanisms may overlap
between them. Data previously generated has shown that smtA is a key player in initial cadmium
stress response, but like in zinc stress, does not mediate the cell response alone. Further studies
conducted following the zinc approach would allow an insight into the global stress response
pathways for cadmium and a comparison between the two metals could be completed.
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Discussion
Regulation and response to zinc relies on several key mechanisms which work together to
maintain the balance of zinc internal of the cell. Since zinc is a required trace nutrient; the way
in which the cell will deal with both acquiring and releasing will be dependent on the
environment the cell is found in. Zincs biological function, especially in cyanobacteria, make
regulation an important part of the cells physiology. As we have shown experimentally that
despite cellular need, excessive zinc can be completely lethal to S. IU 625 in high doses. In the
environment, long term exposure to zinc is a likely probability due to the ubiquitous applications
of zinc in industrial, domestic, and agricultural uses.
Harmful algal blooms increase in frequency in North America each year, creating a need
to shift the focus from reactive to predictive for indicators of potential bloom formation. S. IU
625 does not produce toxins, and has been shown to be potential tool for both environmental
health indication and bioremediation of excessively zinc contaminated sites. While zinc may not
be the sole driving force behind harmful algal bloom formation, research in other cyanobacteria
species suggests that excessive presence can potentially make bloom events worse by increasing
the level of toxins released from the biomass in the bloom (Gouvêa et al., 2008). Research has
suggested that as CO2 levels decrease the demand for zinc increases which may indicate that
these events are related (Sunda, 2006). Low levels of CO2 are expected in a bloom, and carbon
may be one of the master regulators of bloom density (King, 1970). Zinc may play a role in
carbon dioxide scavenging and concentrating by coordinating the role in several key enzymes of
those processes (Badger and Price, 2003). Zinc has also been shown to cause rapid accumulation
of other nutrients such as nitrate and phosphorous in algal species such as Chlamydomonas (Yu
and Wang, 2004).
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In S. IU 625 the high levels of zinc tolerance indicate that these mechanisms naturally
exist in cyanobacteria. Several species of eukaryotic algae such as Chlorella and eukaryotic
predators of cyanobacteria such as Daphnia are much more sensitive to zinc than S. IU 625. In
Chlorella 0.052 mg/L of Zn2+ proved to be toxic to this species (Wilde et al., 2006). It has been
observed that Daphnia show loss of reproduction abilities at 0.061 mg/L of Zn2+ (De
Schamphelaere et al., 2004). These vast differences in sensitivity point to the unique ability for
cyanobacteria like S. IU 625 to survive in zinc contaminated environments.
The purpose of the zinc study aimed at determining the complete mechanism of response
in S. IU 625 to zinc stress. To further that goal, we determined that S. IU 625 is highly zinc
tolerant, capable of surviving in conditions containing 25 mg/L ZnCl2. In lower concentrations
of ZnCl2 up to 10 mg/L, the primary means of response is governed by membrane based
modifications and efflux mediated mechanisms. This evidence is the result from the data seen
from the ICP-MS, the zinquin fluorescent study, and the transcriptome analysis performed on
these cells. In concentrations up to 25 mg/L ZnCl2, the response mechanism is split between
membrane modifications, efflux pumping, and importantly sequestering.
In the 25 mg/L ZnCl2 cells population, the intracellular based metal response gene smtA
was one of the most highly upregulated on both observed days in the transcriptome, and by
qPCR analysis. This result confirms the importance of smtA in the survival of the cell in
response to ZnCl2 and that the expression of smtA is correlated to concentration and length of
time of exposure. This is similar to results seen in other cyanobacteria such as S. elongatus PCC
7942 (Ybarra and Webb, 1999). Unlike in these cyanobacteria, in S. IU 625 the general stress
response operon groEL does not appear to change expression in either the 10 or 25 mg/L
exposed cell population. Our analysis of the transcriptome highlights that secretion genes such
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as hylD and transcription factors such as those that belong to the LysR family are among the
most highly expressed in the presence of zinc. Genes involved with metabolism, several ATP
synthase genes, and components of the phycobilisome were the most highly downregulated in
the presence of zinc. Genes which coordinate cellular division such as mreB, which is known as
the rod shape determining factor, were also downregulated in the 25 mg/L exposed cells. This is
one possible explanation for the elongation seen in these cells when exposed to this
concentration of zinc. Genes which are involved with nitrate/nitrite import and export were also
downregulated in the presence of zinc. Elongation was also seen in S. elongatus PCC 7942 cells
which were grown under severe nitrate/nitrite limiting conditions (Goclaw-Binder et al., 2012).
Further studies would have to be conducted to determine if the elongation seen in S. IU 625 was
caused by the same mechanism.
Among the membrane based changes porins were among the most significantly expressed
in the presence of zinc for both 10 and 25 mg/L. Porins have been previously shown in gram
negative bacteria to regulate the transportation of cations inside and outside the cell (Nies and
Silver, 1995). Permeases were also among those differentially expressed. Permeases play an
integral role in the passive transportation of cations by allowing diffusion across a gradient. In
gram negative bacteria such as Pseudomonas, some permeases like ZnuA regulate the flux of
zinc ions in and out of the cell (Pederick et al., 2015).
Of the 278 differentially expressed genes, 89 were categorized as hypothetical proteins.
Of those 89, four showed high alignment scores to known proteins in either cyanobacteria or
bacteria. The predicted function for three of these four genes are most likely not zinc specific,
however they are part of the zinc global stress response. Among the four genes are two which
involve components of the membrane. SynPCC7942_0443 appears to be related to the
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construction of the S-Layer, which is an exopolysaccharide matrix which surrounds the cell. The
S-Layer has been previously implicated to play a role in trapping metals in species like Bacillus
(Merroun et al., 2005) and further experiments can be conducted on S. IU 625 to determine if the
S-Layer is doing the same. The other gene, SynPCC7942_0230, aligns to a family of transport
proteins which have been implicated in the movement of cations across a gradient.
SynPCC7942_1800 possess two LTXXQ motifs near the C’ terminus of the protein. This
LTXXQ motifs are implicated in the response to zinc. The periplasmic stress response protein
CpxP has two of these LTXXQ motifs (Thede et al., 2011). This protein also is similar in
structure to ZraP, a periplasmic molecular chaperon for metal cations such as zinc (Appia-Ayme
et al., 2012).
This study in zinc highlights the global changes that occur with the exposure to sub lethal
concentrations of zinc and the physiological response the cells must undergo when exposed to
this stress. The role of zinc in both cell development and bloom formation is important to be
elucidated in cyanobacteria; as harmful algal blooms become an increasing global phenomenon.
This study has determined that the environmental indicator S. IU 625 can survive in highly zinc
contaminated environments. Similar to S. elongatus PCC 7942, smtA is still one the primary and
early response genes for zinc stress in S. IU 625. Concentrations as low as 10 mg/L of ZnCl2 of
the metal are primarily mediated by membrane modifications and pumping back into the
environment. While the concentration of 25 mg/L ZnCl2 requires the use of sequestering,
membrane modification, and elongation to aid in the survival and response of the cells. This
suggests that S. IU 625 use for bioremediation is practical to reduce net zinc in its local
environment without producing toxins or toxic byproducts.
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Due to the chemical properties of cadmium are so similar to zinc, it is often found as a cocontaminant with zinc. Despite their similarities cadmium is much more toxic to S. IU 625. S.
IU 625 is only capable of surviving in concentrations up to 20 mg/L CdCl2; with 30 mg/L
showing complete reduction of viability by 4 days post exposure. This data is consistent with the
observation seen in other species such as Chlorella; where cadmium was almost twice as toxic
compared to zinc (Hart et al., 1979). Cadmium response mechanisms in S. IU 625 are predicted
to only overlap with smtA/smtB based on analysis of the genome using StitchDB. We conducted
a primary study with cadmium in S. IU 626 which shows that the response between the two
metals may not be the same. However, the mapping of the cadmium response could be
determined by following a similar approach used in the zinc study of S. IU 625.
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Supplementary Materials
Table S1. The complete list of the 278 Differentially expressed genes, the corresponding locus
tag in S. elongatus PCC 7942 and the function of the gene.

hypothetical protein

Synpcc7942_0361

hypothetical protein

Synpcc7942_0395

hypothetical protein

Synpcc7942_0033

hypothetical protein

Synpcc7942_0114

hypothetical protein

Synpcc7942_0122

hypothetical protein

Synpcc7942_0130

hypothetical protein

Synpcc7942_0230

hypothetical protein

Synpcc7942_0443

hypothetical protein

Synpcc7942_0902

hypothetical protein

Synpcc7942_1120

hypothetical protein

Synpcc7942_1132

hypothetical protein

Synpcc7942_1234

hypothetical protein

Synpcc7942_1280

hypothetical protein

Synpcc7942_1384

hypothetical protein

Synpcc7942_1644

hypothetical protein

Synpcc7942_1670

hypothetical protein

Synpcc7942_1800

hypothetical protein

Synpcc7942_1878

hypothetical protein

Synpcc7942_1909

hypothetical protein

Synpcc7942_1990

hypothetical protein

Synpcc7942_2088

hypothetical protein

Synpcc7942_2338

hypothetical protein

Synpcc7942_2422

hypothetical protein

Synpcc7942_2481

hypothetical protein

Synpcc7942_2498

hypothetical protein

Synpcc7942_2500

hypothetical protein

Synpcc7942_2576

hypothetical protein

Synpcc7942_0026

hypothetical protein

Synpcc7942_0166

hypothetical protein

Synpcc7942_0304

hypothetical protein

Synpcc7942_0391

hypothetical protein

Synpcc7942_0431

hypothetical protein

Synpcc7942_1000
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Predicted/Known
Function
DNA Binding

Membrane

Locus Tag

Metabolism

Gene

Synpcc7942_1260

hypothetical protein

Synpcc7942_1296

hypothetical protein

Synpcc7942_1375

hypothetical protein

Synpcc7942_1529

hypothetical protein

Synpcc7942_1791

hypothetical protein

Synpcc7942_2176

hypothetical protein

Synpcc7942_0373

hypothetical protein

Synpcc7942_1273

hypothetical protein

Synpcc7942_1891

hypothetical protein

Synpcc7942_0037

hypothetical protein

Synpcc7942_0091

hypothetical protein

Synpcc7942_0229

hypothetical protein

Synpcc7942_0316

hypothetical protein

Synpcc7942_0406

hypothetical protein

Synpcc7942_0425

hypothetical protein

Synpcc7942_0444

hypothetical protein

Synpcc7942_0514

hypothetical protein

Synpcc7942_0515

hypothetical protein

Synpcc7942_0561

hypothetical protein

Synpcc7942_0620

hypothetical protein

Synpcc7942_0751

hypothetical protein

Synpcc7942_0759

hypothetical protein

Synpcc7942_0771

hypothetical protein

Synpcc7942_0872

hypothetical protein

Synpcc7942_0889

hypothetical protein

Synpcc7942_0900

hypothetical protein

Synpcc7942_1023

hypothetical protein

Synpcc7942_1074

hypothetical protein

Synpcc7942_1075

hypothetical protein

Synpcc7942_1155

hypothetical protein

Synpcc7942_1338

hypothetical protein

Synpcc7942_1364

hypothetical protein

Synpcc7942_1399

hypothetical protein

Synpcc7942_1476

hypothetical protein

Synpcc7942_1477

hypothetical protein

Synpcc7942_1534

hypothetical protein

Synpcc7942_1561

hypothetical protein

Synpcc7942_1646

hypothetical protein

Synpcc7942_1711
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Regulation

Unknown Function

hypothetical protein

hypothetical protein

Synpcc7942_1785

hypothetical protein

Synpcc7942_1788

hypothetical protein

Synpcc7942_1804

hypothetical protein

Synpcc7942_1818

hypothetical protein

Synpcc7942_1834

hypothetical protein

Synpcc7942_1903

hypothetical protein

Synpcc7942_1930

hypothetical protein

Synpcc7942_1996

hypothetical protein

Synpcc7942_2065

hypothetical protein

Synpcc7942_2173

hypothetical protein

Synpcc7942_2278

hypothetical protein

Synpcc7942_2281

hypothetical protein

Synpcc7942_2357

hypothetical protein

Synpcc7942_2387

hypothetical protein

Synpcc7942_2413

hypothetical protein

Synpcc7942_2572

hypothetical protein
ubiquinone/menaquinone biosynthesis methylase-like
protein
CDP-glucose 4,6-dehydratase

Synpcc7942_2578

isoamylase

Synpcc7942_0086

cobaltochelatase subunit CobN

Synpcc7942_0097

NAD synthetase

Synpcc7942_0105

ferrochelatase

Synpcc7942_0137

Beta-carotene 15,15'-dioxygenase

Synpcc7942_0196

thylakoidal processing peptidase

Synpcc7942_0487

UDP-N-acetylglucosamine 2-epimerase

Synpcc7942_0552

protoporphyrin IX magnesium-chelatase

Synpcc7942_0583

valyl-tRNA synthetase

Synpcc7942_0587

mtnD

Synpcc7942_0608

glyoxalase I

Synpcc7942_0638

aspartate carbamoyltransferase

Synpcc7942_0670

phosphoribosylaminoimidazole synthetase

Synpcc7942_0851

FolC bifunctional protein

Synpcc7942_0944

branched-chain amino acid aminotransferase

Synpcc7942_1029

thiS

Synpcc7942_1058

branched-chain alpha-keto acid dehydrogenase subunit E2

Synpcc7942_1068

mercuric reductase

Synpcc7942_1118

tilS

Synpcc7942_1138
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Synpcc7942_0046

Metabolism

Synpcc7942_0061

6-pyruvoyl tetrahydrobiopterin synthase

Synpcc7942_1184

leucyl aminopeptidase

Synpcc7942_1190

dihydrolipoamide dehydrogenase

Synpcc7942_1198

vcbS

Synpcc7942_1287

SmtA metallothionein

Synpcc7942_1290

carbon dioxide concentrating mechanism protein CcmO

Synpcc7942_1425

malonyl CoA-ACP transacylase

Synpcc7942_1456

imelysin

Synpcc7942_1462

cysteine synthase

Synpcc7942_1466

phosphoglycerate mutase

Synpcc7942_1516

histidinol dehydrogenase

Synpcc7942_1519

iron-stress chlorophyll-binding protein

Synpcc7942_1542

glucosidase

Synpcc7942_1574

glycogen debranching protein

Synpcc7942_1575

phenazine biosynthesis PhzC/PhzF protein

Synpcc7942_1598

catalase/peroxidase HPI

Synpcc7942_1656

carotene isomerase

Synpcc7942_1723

cysteine desulfurase

Synpcc7942_1738

cysteine desulfurase

Synpcc7942_1929

isopentenyl pyrophosphate isomerase

Synpcc7942_1933

pyruvate dehydrogenase (lipoamide)

Synpcc7942_1944

S-adenosylmethionine decarboxylase proenzyme

Synpcc7942_2043

phosphoketolase

Synpcc7942_2080

CO2 hydration protein

Synpcc7942_2093

acetylpolyamine aminohydolase

Synpcc7942_2124

phycobilisome degradation protein NblA

Synpcc7942_2127

cellulose synthase

Synpcc7942_2151

glucose transport protein

Synpcc7942_2238

2-hydroxy-6-oxohepta-2,4-dienoate hydrolase

Synpcc7942_2284

3-deoxy-manno-octulosonate cytidylyltransferase
UDP-N-acetylglucosamine--N-acetylmuramyl(pentapeptide) pyrophosphoryl-undecaprenol Nacetylglucosamine transferase
PBS lyase

Synpcc7942_2290

bifunctional ADP-heptose synthase

Synpcc7942_2339

glutamate racemase

Synpcc7942_2361

oxalate decarboxylase

Synpcc7942_2388

caffeoyl-CoA O-methyltransferase

Synpcc7942_2505

diguanylate cyclase/phosphodiesterase

Synpcc7942_2519
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Synpcc7942_2312
Synpcc7942_2325

3-octaprenyl-4-hydroxybenzoate carboxy-lyase

Synpcc7942_2588

uroporphyrin-III C-methyltransferase

Synpcc7942_2610

pilin polypeptide PilA-like protein

Synpcc7942_0048

pilin polypeptide PilA-like protein

Synpcc7942_0049

ABC transporter permease

Synpcc7942_0080

folate/biopterin transporter

Synpcc7942_0197

K+-dependent Na+/Ca+ exchanger related-protein

Synpcc7942_0242

rod shape-determining protein MreB

Synpcc7942_0300

Na+/H+ antiporter

Synpcc7942_0307

ATP synthase F0F1 subunit C
LC 7.8 apoprotein (core components of the
phycobilisomes)
ATP synthase F0F1 subunit alpha

Synpcc7942_0332

ATP synthase F0F1 subunit gamma

Synpcc7942_0337

sulfate transporter
ABC-type dipeptide/oligopeptide/nickel transport systems
permease components-like protein
secretion protein HlyD

Synpcc7942_0366

photosystem II reaction center protein T

Synpcc7942_0696

Phage portal protein λ

Synpcc7942_0733

multidrug efflux MFS transporter

Synpcc7942_0792

potassium transport flavoprotein

Synpcc7942_0841

DEAD/DEAH box helixcase-like protein

Synpcc7942_0874

phycocyanin linker protein 9K

Synpcc7942_1051

K+ transporter Trk

Synpcc7942_1080

photosystem II protein L

Synpcc7942_1175

cytochrome b559 subunit beta

Synpcc7942_1176

NADH dehydrogenase subunit B

Synpcc7942_1181

ABC-transporter membrane fusion protein

Synpcc7942_1224

nitrate transport ATP-binding subunits C and D

Synpcc7942_1237

nitrate transport permease
ABC-type nitrate/nitrite transport system substrate-binding
protein
ferredoxin-nitrite reductase

Synpcc7942_1238

chloride channel-like protein

Synpcc7942_1257

ATPase

Synpcc7942_1317

NADH dehydrogenase subunit H

Synpcc7942_1343

NADH dehydrogenase subunit I

Synpcc7942_1344

NADH dehydrogenase subunit J

Synpcc7942_1345

ATPAse

Synpcc7942_1414
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Synpcc7942_0325
Synpcc7942_0336

Synpcc7942_0445

Synpcc7942_1239
Synpcc7942_1240

Membrane

Synpcc7942_0553

porin

Synpcc7942_1464

monovalent cation/H+ antiporter subunit D

Synpcc7942_1473

sodium-dependent bicarbonate transporter

Synpcc7942_1475

nitrate transport ATP-binding subunits C and D

Synpcc7942_1490

molybdate ABC transport permase

Synpcc7942_1532

Beta-Ig-H3/fasciclin

Synpcc7942_1606

porin

Synpcc7942_1607

porin

Synpcc7942_1635

cation efflux system protein

Synpcc7942_1869

secretion protein HlyD

Synpcc7942_1870

ferripyochelin binding protein

Synpcc7942_1961

NADH dehydrogenase I subunit M

Synpcc7942_1982

Integral membrane protein MviN

Synpcc7942_2041

oligopeptides ABC transporter permease

Synpcc7942_2052

fimbrial assembly protein PilC-like protein

Synpcc7942_2069

twitching motility protein

Synpcc7942_2070

NAD(P)H-quinone oxidoreductase subunit F
proton-translocating NADH-quinone oxidoreductase
subunit M
Beta-Ig-H3/fasciclin
ABC-type nitrate/sulfonate/bicarbonate transport systems
periplasmic components-like protein
transport system substrate-binding protein

Synpcc7942_2091

Na+/H+ antiporter

Synpcc7942_2359

biopolymer transport ExbB like protein

Synpcc7942_2429

photosystem II reaction center W protein

Synpcc7942_2478

blue-copper-protein-like protein

Synpcc7942_2540

cytochrome-c oxidase

Synpcc7942_2603

30S ribosomal protein S6

Synpcc7942_0012

TPR repeat-containing protein

Synpcc7942_0047

cyclic nucleotide-binding protein

Synpcc7942_0131

high light inducible polypeptide HliC

Synpcc7942_0243

PAS/PAC sensor-containing diguanylate cyclase

Synpcc7942_0490

excinuclease ABC subunit B

Synpcc7942_0563

glgF

Synpcc7942_0585

serine/threonine protein kinase

Synpcc7942_0600

single-stranded nucleic acid binding R3H

Synpcc7942_0625

50S ribosomal protein L7/L12

Synpcc7942_0631

adenylate/guanylate cyclase

Synpcc7942_0663

PadR family transcriptional regulator

Synpcc7942_0677
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Synpcc7942_2092
Synpcc7942_2094
Synpcc7942_2107

Regulation

Synpcc7942_2175

diguanylate cyclase/phosphodiesterase

Synpcc7942_0816

CheA signal transduction histidine kinase

Synpcc7942_0859

nicotinate-nucleotide pyrophosphorylase

Synpcc7942_0951

cell envelope-related function transcriptional attenuator

Synpcc7942_0961

type 1 restriction-modification

Synpcc7942_1060

type 1 restriction-modification

Synpcc7942_1064

ribonuclease PH

Synpcc7942_1073

ATP-dependent DNA helicase RecG

Synpcc7942_1079

serine/threonine protein kinase

Synpcc7942_1121

50S ribosomal protein L33

Synpcc7942_1122

30S ribosomal protein S18

Synpcc7942_1123

bacteriocin-processing peptidase

Synpcc7942_1133

circadian clock protein KaiC

Synpcc7942_1216

LysR family transcriptional regulator

Synpcc7942_1242

50S ribosomal protein L20

Synpcc7942_1277

uspA
bifunctional pyrimidine regulatory protein PyrR uracil
phosphoribosyltransferase
response regulator receiver modulated diguanylate
cyclase/phosphodiesterase with PAS/PAC sensor(s)
multi-sensor signal transduction histidine kinase

Synpcc7942_1302

diguanylate cyclase/phosphodiesterase

Synpcc7942_1382

alkaline phosphatase

Synpcc7942_1392

glgF

Synpcc7942_1394

terB

Synpcc7942_1506

30S ribosomal protein S20

Synpcc7942_1520

nitrogen assimilation regulatory protein

Synpcc7942_1527

ribonuclease II

Synpcc7942_1546

signal transduction inhibitor

Synpcc7942_1563

short chain dehydrogenase

Synpcc7942_1596

GTP cyclohydrolase I

Synpcc7942_1597

50S ribosomal protein L34

Synpcc7942_1614

30S ribosomal protein S16

Synpcc7942_1772

phosphate starvation-induced protein

Synpcc7942_1775

diguanylate cyclase
PAS/PAC sensor-containing diguanylate
cyclase/phosphodiesterase
HemK family modification methylase

Synpcc7942_1811

inorganic polyphosphate/ATP-NAD kinase

Synpcc7942_1865

transcripton factor DevT-like protein

Synpcc7942_1897

Synpcc7942_1319
Synpcc7942_1355
Synpcc7942_1357

Synpcc7942_1859
Synpcc7942_1863
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glycosyltransferase

Synpcc7942_1901

RNA polymerase sigma factor RpoE

Synpcc7942_1923

excinuclease ABC subunit C

Synpcc7942_1945

transcriptional regulator AbrB

Synpcc7942_1969

TPR repeat-containing protein

Synpcc7942_1972

RNA-binding region RNP-1

Synpcc7942_1999

glycosyltransferase

Synpcc7942_2026

Crp/Fnr family transcriptional regulator

Synpcc7942_2174

DNA polymerase III subunit alpha

Synpcc7942_2199

50S ribosomal protein L31

Synpcc7942_2204

30S ribosomal protein S9

Synpcc7942_2205

50S ribosomal protein L16

Synpcc7942_2225

50S ribosomal protein L3

Synpcc7942_2232

16S rRNA-processing protein RimM

Synpcc7942_2259

ADP-ribose pyrophosphatase

Synpcc7942_2271

50S ribosomal protein L3

Synpcc7942_2232

mut3G

Synpcc7942_2345

50S ribosomal protein L19

Synpcc7942_2541

phage SPO1 DNA polymerase-like protein

Synpcc7942_2543
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Figure S1. T-Coffee Multiple Sequence Alignment (MSA) performed on SynPCC7942_0443,
one of the hypothetical proteins. This protein is a high match for known S-Layer proteins in
other cyanobacteria species. An asterisk (*) is designated for a position which contains fully
conserved residue while a colon (:) is designated for residues share similar properties. The total
alignment score is given at the top of the chart.
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Figure S2. T-Coffee MSA performed on SynPCC7942_0230, one of the hypothetical proteins.
This protein is a high match for known transport proteins belonging to the Major Facilitator
Family in other prokaryotic cells. An asterisk (*) is designated for a position which contains
fully conserved residue while a colon (:) is designated for residues share similar properties. The
total alignment score is given at the top of the chart.
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Figure S3. T-Coffee MSA performed on SynPCC7942_1800, one of the hypothetical proteins.
This protein is a high match for known zinc resistance proteins with a LTXXQ motif in other
prokaryotic and cyanobacteria cells. An asterisk (*) is designated for a position which contains
fully conserved residue while a colon (:) is designated for residues share similar properties. The
total alignment score is given at the top of the chart.

101

Figure S4. T-Coffee MSA performed on SynPCC7942_0444, one of the hypothetical proteins.
This protein is a match for known conjugation proteins in prokaryotic and cyanobacteria cells.
An asterisk (*) is designated for a position which contains fully conserved residue while a colon
(:) is designated for residues share similar properties. The total alignment score is given at the
top of the chart.
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Figure S5. T-Coffee MSA performed on SynPCC7942_1476, one of the hypothetical proteins.
This protein is a relatively high match for known Pii signaling peptide for nitrogen regulation in
prokaryotic and cyanobacteria cells. An asterisk (*) is designated for a position which contains
fully conserved residue while a colon (:) is designated for residues share similar properties. The
total alignment score is given at the top of the chart.
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